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Upon completion of analytical experiments, every research chemist, 
whether he uses a “test tube” or a “MMpOOuUPKa,” must calculate his 
findings in the international language of figures in two forms (weights 
and equivalents), and often three (weights, equivalents and percent- 
equivalents), and then compare experimental data with theoretical 
values. 

Technicians and statisticians working with the results of hydro- 
chemical analyses performed at different times by different laboratories 
inevitably face the problem of converting their figures to one system. 

All such calculations are considerably simplified by the use of the 
tables and nomograms in this book, originally published by the State 
Scientific and Technical Press for Literature on Geology and the 
Conservation of Mineral Resources, Moscow. 

All the tables and nomograms are based on analytical results 
expressed in the form widely used in hydrogeological practice—milli- 
grams per liter (weight form) and milligram-equivalents per liter 
(equivalent form). For calculation of percent-equivalents, the sum of 
cation equivalents and the sum of anion equivalents are taken as 100% 
each. Several new tables are presented for the first time, and the many 
tables for converting water-analysis results from one form to another 
make it possible to find the milligram-equivalents for any practically 
possible content of a component in water, accurate to the second 


decimal place, and the weight content of substances to tenths of a 
milligram. 
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In the general case, the burning velocity of condensed mixtures is determined by the velocity of three processes: 
the mixing of the components, the chemical reaction between them, and heat transfer from the reaction zone to the 


fresh mixture,* However, in certain cases, the mixing process has no effect on the burning velocity and the latter 
proceeds under kinetic conditions, 


One such case has been briefly considered in an earlier paper [1]. The main point in this case is the fact that 
the mixing processes will have no influence on the burning velocity if they can be definitely completed within the 
limits of the intermediate zone between the fresh material and the reaction zone (the effect of mixing on the therm- 
al constant will be ignored), It is obvious in this case that, in general, the burning velocity does not depend on the 
diameter of the particles of the components (while they are not too large), and is equal to the burning velocity of a 
homogeneous system of the same chemical composition, 


1, Let us examine this case in more detail. To realize the given conditions, it is necessary to achieve two 
conditions, the first of which should be that the mutual solubility of the components at the existing temperatures in 
the preparatory zone must be sufficiently great. 


We shall consider a mixture of two solid components for which the degree of heterogeneity* * is proportional 
to the particle diameter d of one component, In the preparatory zone each of the components may either remain in 
the solid phase or be liquefied or gasified. Hence, these variants are possible: 


1) solid + solid; 2) solid + liquid; 3) solid + gas; 
4) liquid + liquid; 5) liquid + gas; 6) gas + gas, 


Complete mixing of the components within the limits of the preparatory zone is known to be possible in case 6, 
and is practically excluded in cases 3 and 5, because the amount of gas in grams which may be dissolved or sorbed 
by a gram of the condensed component, as a rule, is much less than the usual weight relation of the components in 
condensed mixtures, The gaseous component may be consumed only in the reaction zone, In cases 1, 3, and 4 the 
possibility that the components will be mixed completely may be assumed only for each definite mixture, 


2, The conditions in question may only be observed with sufficiently small values of d (with d = dmjn). The 
value dmin increases with increase in the diffusion velocity and has a lower limit because, in every case, it must ex- 
ceed the effective diameter of the molecules 


* With the thermal mechanism of burning. 


N N 

1 
**The degree of heterogeneity may be defined as the value proportional to j7 > x,, where 2 x, is the path which 

f=1 

the molecules of the given mixture of the components must pass through (the original components or those formed as 
a result of decomposition, if this precedes the mixing), in order to obtain a completely homogeneous mixture (on the 
molecular scale), In certain important special cases (cf, the earlier paper by Belyaev and the author [2]), the degree 
of heterogeneity is proportional to the particle diameter of one of the components, 
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. 
q 
= 


> 10-8 - 1077 CM. (1) 
As a consequence, in the conditions under examination, the second condition is that the mutual diffusion velocity of 
the components should not be too small [such that condition (1) is satisfied]. 


Starting from the considerations discussed in an earlier paper [1], we shall follow the mutual diffusion of the 
components in a certain section of the charge (x = 0), In the time dt, the boundary of the mixing zone shifts in a 
transverse direction by a value of the order: 


d (y*)~ D dt, (2) 
where D cm?/sec is the diffusion coefficient, Assuming that the combustion front with respect to the given section 
moves with a constant velocity v, we may write x = x*— vt, where x" is measured from the combustion front. Using 
the known expression for the thermal wave profile in front of the combustion front 


=: a In 
(3) 


where a cm?/sec is the thermal diffusivity, and where the temperatures Tp and Typ refer respectively to the cold 
mixture and the reaction zone, After substitution of dt = dx'/v in (2), and integration from the order of magnitude, 


we find that dy,jp is equal to: r 
m 
pD 
divin ~ | (4) 


where m g/cm? + sec is the mass burning velocity (with d< dmjin), P g/cm! is the density; we take average values 
along the preparatory zone for the value A cal/cm + sec + deg and € cal/g+ deg. If phase conversions take place 
in this zone, then it is divided into certain sectional subzones and integration of Eq, (4) is carried out in succession 
for each of them, For brevity we shall assume that the mixture mainly occurs in one subsectional zone lying in the 
range from Ty to Typ (where Tp < Ty < Tm). For the mutual diffusion of gases, usually D = Dy(T/T 9)", where n = 
= 1,75-2, With n = 2, from (4) we obtain 


{ Tm—T T,, —T 
dain ~ = PoD (5) 


For diffusion in solid and liquid phases, D = Dye” 2/ RT and then from (4) it follows that 


(6) 


The value li z is obtained from tables, but with Q >> RT (for example with e“Q/RT < 10-4 and eQ/RToe-Q/RT > 104) 


it is possible to assume that li z is approximately equal to z/1Inz with an error of not more than 10-12%, If, in ad- 
dition, e-Q/RTm >> then from (6) we obtain 


ip 


(7) 


In principle, formulas (5), (6), and (7) allow us to calculate dyin for each definite system, 


3, It is of interest to calculate the range in which the value dmjn applies for a given type of system, This is 


easily obtained for the variant gas + gas, The fact is, that the value of the complex @ =/ 2. PoDo for all gases 


which may appear as gasification products of different condensed mixtures, and for which there are tables of data, 
vary within comparatively narrow limits: thus, for example, at temperatures from about 200-300°C, assuming Ty = 
= 273°K, all di- and triatomic gases, different gaseous hydrocarbons including extremely heavy hydrocarbons, vapors 
of many organic liquids, etc, fall within the range 9 = 10°4-10-* g/cm sec, Moreover, if the relation m(p,T), 
which is obtained from experiment, is not considered, then the right-hand part of Eq. (5) does not depend on pressure 
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and depends comparatively slightly on the choice, within a reasonable range of temperatures, of Tm, Ty, and To. 
Assuming, for example, that the temperatures Tm and T, may vary independently within the ranges 1500-3000°K and 
600-1000°K, respectively, we obtain from (5) the following range of values of dmjn: 


1.5 — 35 
m 


dmin 


(8) 


In the work of Belyaev and the author [2], the experimental value of dmin for a stoichiometric mixture of KC1O, and 
bitumen with m= 0.2 g/ cm? + sec was approximately 70u, which lies within the calculated limits in formula (8). * 


The conditions for the variants liquid + liquid, solid + liquid, and especially solid + solid are far worse because 
there are no data on diffusion in systems of metal + salt, tar + salt, etc, Indirect data (diffusion of metals in metals 
and slags, mutual diffusion of salts, etc,), show that for solid + solid systems the diffusion coefficient depends extreme- 
ly slightly on the nature of the components, and this eliminates the possibility of any kind of estimation of dmin 
from indirect data, For diffusion in a liquid phase the dependence on the properties of the components is considerably 
less, but the range of values of dmin. which gives indirect data, being substituted in Eq. (6) (with reasonable assump- 
tions with regard to the range of variation of T,; and Tm) nevertheless is made up of about four series, Such a wide 
range in the determination is of no practical interest, 


4, There is still one case, when the burning of condensed mixtures may occur under kinetic conditions, It will 
be observed if the reaction proceeds on the surface of the particle of one component where the supply rate of the 
second component does not limit the velocity of the whole process, It is necessary here that the degree of heterogen- 
eity and the value of Tp should not be too great, and that D, should be >> D,, where D, and D, are, respectively, 
the diffusion coefficients of the first component (the reacting particle) and the second component in the reaction prod- 
ucts, This case is most apparent for the variant solid + gas, where it is possible to derive data on the combustion of 
carbon in air or oxygen, The combustion of condensed mixtures where this variant is realized in the reaction zone 
has been considered in other investigations [3,4]. In addition, as distinct from the case considered above in para- 
graphs 1-3, in this case the burning velocity u depends on the diameter of the particles (Novozhilov [4] obtained u 
as approximately equal to d-/8) and, consequently, the heterogeneous system here is not equivalent to the homo- 
geneous system, Apart from the variant solid + gas, this type of system, in principle, may be observed for the vari- 
ants solid + liquid and (less probably) liquid + liquid, 


5. In conclusion, we observe that the kinetic conditions of combustion, related to the mixture of components 
in the preparatory zone is of major importance in understanding the normal burning velocity un of condensed mixtures, 
The latter must satisfy stationary conditions and is reproduced in an identical manner, Meanwhile, with d > dmin, 
the burning velocity undergoes a variation with a period of approximately d/u, and may be considered constant only 
with sufficiently long charges, Moreover, it is practically impossible to prepare a mixture absolutely identical with 
the standard, since for this it is necessary to select particles not only with the same size distribution but with the same 
shape, etc. Of course, mistakes because of nonstationary combustion and dissimilarity of the mixtures may be made 
extremely small, but it is of fundamental importance to note that with d < dyin they definitely disappear and the 
burning velocity acquires the meaning of a physicochemical constant (u = up). 


I wish to express my thanks to A, G, Merzhanov, L. G, Bolknovitinov, and S, S, Novikov for a discussion of the 
results, 
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ACTIVE INTERMEDIATE STATES DURING THE 
MECHANICAL DISINTEGRATION OF POLYMERS* 


P, Yu. Butyagin 


(Presented by Academician V, N. Kondrat*ev, April 13, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol, 140, No. 1, 
pp. 145-148, September, 1961 

Original article submitted April 6, 1961 


Intensive mechanical action on polymeric materials is accompanied by disintegration of the structure of the 
material and by destruction of the macromolecules [1]. In our work, attention has been mainly directed to the inter- 


mediate states in this process; they were studied in solid polymers where secondary reactions are strongly hindered, 
especially at low temperatures, 


The polymeric materials were mechanically treated in a laboratory vibromill [2] for which it was possible to 
change the medium, the temperature, and the intensity of the energy supplied. The degree of disintegration of the 
solid polymer was estimated from the changes in the specific surface 
area (S) measured by the BET method, and the destruction of the maco- 
molecules from the fall in the molecular weight (viscometric method), 
The concentration, structure, and conversion of free radicals were studied 
by means of electron paramagnetic resonance (epr) in a radiospectrom- 
eter of the type described in [3]. The luminescence accompanying the 
destruction was registered by means of the FEU-19 electronic photo- 
multiplier, The following polymers were investigated: polymethyl- 
methacrylate (PMMA), polystyrene (PS), polyacrylonitrile (PAN), poly- 
vinyl alcohol (PVA), polyacrylic ester (PAE), linear polyethylene (PE), 
a copolymer of polystyrene with divinylbenzene (CPS), poly «-methyl- 


Fig. 1, Destruction of PMMA at 77°K: styrene (PMS), and carboxymethyl! cellulose (CMC) (see Fig. 3). 

1) number of broken bonds X; 2) con- During mechanical dispersion of polymers, as in other solids, an 
centration of radicals R; 3) specific increase in the specific surface area was observed, As a rule, S in- 
surface area S, creased with time in a linear fashion, up to a definite limit; the limit 


and the rate of increase strongly depended on the temperature under 
otherwise equivalent conditions, 


For PMMA, PS, polypropylene — polymers of the vinyl series with 
a CHg group in the a-position— S reached 120-150 m?/g (Fig. 1, 
curve 3) in 2-3 mins, Such high values were only obtained in those ex- 
periments for which the dispersion measurements and all intermediate 
operations were carried out at the temperature of liquid nitrogen, 77°K, 
70°% During gradual warming of the samples (see Fig. 2) near 130°K, intens- 
ive sintering occurred with tenfold decrease of the surface area to 3-8 
Fig. 2. Specific surface area: 1)PMMA, m?/g. Under ordinary conditions, i,e., considerably above the tempera- 
5 = 115 m®/g; 2) PMS, SppPK = 150 ture of sintering, the final S values were essentially at the dispersion 
TK limit for the polymers, 
m*/g; 3) polypropylene Spex = 27 m 


per g. The sintering indicates the occurrence of activeness in the stressed 
macromolecules at 120°K, This effect is possibly associated with a 


*I, V. Kolbanev and A, R, Kuznetsov assisted in carrying out the experiments, 
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structural transition on warming up, dependent on the freedom of rotation of the a-methyl groups which was detected 
around this temperature by the method of nuclear magnetic resonance [4,5]. For polymers with H atoms in the a- 
position, the temperature of sintering must be considerably below 77°K and possibly for this reason in none of the ex- 
periments with PS, PAN, PVA, etc., was a surface area attained greater than 10-15 m*/g, 


Fig. 3. Electron paramagnetic resonance spectra: 1) PMMA; 2) reaction of 
PMMA with acrylonitrile; 3) PAE; 4) PAN; 5) PVA; 6) PS; 7) and 8) CPS; 9) 
PMS; 10) gelatine; 11) CMC; 12) PE; 13) cellulose; 14) quartz; 15) spectra of 
the peroxide radicals in PMMA and PE, The spectra 5b, 8, and 13b, obtained 
after radiation destruction, the rest after mechanical destruction, Scale — one 
division equals 20 oersteds, 


During observations of the light emission, a characteristic intensive luminescence was noted consisting of 
flashes following one after the other, corresponding to disintegration of individual granules of polymer; it was ob- 
served in quartz, PMMA, PS, PAE, etc,, at room temperature, For natural rubber and PE a weaker luminescence was 
observed in the process of relaxation of the stresses, for a rapid break of the pressure applied to the sample, Continu- 
ous chemiluminescence of the type described in [6] arose through recombination of peroxide radicals, Measurement 
of the luminescence was a convenient method of stage-wise investigation and detection of destruction, 


The molecular weight of the investigated linear polymers after mechanical treatment was reduced by 10 to 
100 times, as a rule to M ~ 10“, Under the experimental conditions the limit of destruction was reached in 10-20 
mins, In three-dimensional systems there was a considerable increase in solubility of the polymer; an analogous ef- 
fect for quartz was known previously [7]. 


In experiments where the molecular weight is measured over a wide enough range (PMMA, PS, PAN), the rate 
of destruction follows very satisfactorily an exponential [8] law (Fig. 1, curve 1): 
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M = Moexp(—Akt), nan X Aexp (kt), 


where X = 6+ 1078 


= is the number of broken bonds in 1 g, k is the total destruction rate constant, and T is 


the time. 


E.p.r. spectra of radicals, arising during the mechanical destruction, are shown in Fig, 3, Radicals with a free 
valency at a carbon atom are characterized by e.p.r, spectra with hyperfine structure, The spectrum of PMMA (1a) 
corresponds to two stereoisomeric radicals [9]; on mild heating the spectrum of the less stable radical gradually dis- 
appears (1b), and finally a single quadruplet remains (1c), The spectra of PS, CPS, and PMS are coincident with one 


another; probably the spectrum may be considered not as a triplet but as a superimposition of single lines of different 
width, but with the same g-factor. 


Radicals of this type are stable in an inert atmosphere up to temperatures close to the temperature of the glass 
formation, The activation energy (E) of the destruction reaction for PMMA is 37 + 4 kcals/mole, The radicals are 
active and free to enter into different reactions: one with another, with monomers, with oxygen, etc, Changes of 
the epr spectra through reaction of the PMMA radicals with acrylonitrile are shown in Fig. 3, spectra 2a,b,c,d, Through 
reaction with oxygen peroxide radicals are formed (15a,b) with a characteristic anisotropic e.p.r. spectrum [10]. This 
reaction proceeds at 120°K and above with E = 3,8 kcals/mole, Destruction of the peroxide radicals at room tempera- 
ture is completed in minutes (for PMMA, E = 16 kcal/ mole), during which the rate of destruction in the stressed 
polymer is many times greater than in the previously unstressed material, 


In quartz the primary radicals (14b) react with oxygen only during the mechanical action; otherwise this re- 
action does not occur even on heating up to 200°C, 


For gelatine the specific e.p.r, spectrum can be observed only after destruction at 77°K (10a); on heating, this 
complex spectrum, corresponding to at least two different radicals, changes into double and single lines superimposed 
on one another (10b), A similar but simpler picture is also observed for CMC (11la,b), The spectra, stable at 77°K, 


correspond probably to the primary radicals and the doublet appears after migration of the free valency to an atom 
of oxygen [11]. 


The e.p.r. spectra of radicals obtained by the mechanical method in many cases coincide with the spectra of 
the radicals formed by the action of ionizing radiation on the polymers, For PMMA, PS, PAE, CPS, PVA, CMC, gel- 
atine, both types of spectra are identical (see, for example, spectra 5a, 5b, 7, and 8), The difference lies only in 


the stability of the radicals: after irradiation they are more stable, For cellulose and quartz both types of spectra 
differ from each other. 


The concentration of radicals in the products of the destruction were measured by the e.p.r, method and from 
the consumption of oxygen in their oxidation, The experimental results for PMMA are shown in Fig. 1. The curve 
showing the accumulation of radicals has an S-form character, and in 2-3 mins the concentration of radicals reaches 
the limiting value, although destruction is continued, The occurrence of limiting concentrations was found for the 


majority of the investigated polymers: the limiting concentrations varied from 10'® - (PE, PS, PAN, PVA) to 
g-! (PAE, CPS). 


In Fig. 1 the scales for curves 1 and 2 differ by 40 times, i.e,, the concentration of radicals which is recorded 


by the e.p.r, method is many times greater than the number of broken bonds, calculated from the changes in the 
molecular weight. 


In solutions of polymers frozen at 77°K, where the macromolecules are dispersed in the crystalline lattice of 
the solvent, the destruction is more intensive, and the maximum concentrations of radicals are increased 10-100 
times, up to 5+ 10 9°" for PMMA and 3° 10” g”! for PS, dissolved in toluene, butyl acetate, acetone, etc, These, 
in fact, are probably also the limiting concentrations since now in one macromolecule there are 20-100 paramagnet- 
ic centers, The nature of the solvent greatly influences the course of the destruction and may indicate an unusual 
protective effect of benzene, dioxan, and a few other substances with respect to mechanical action in solvents at low 


temperatures, The e.p.r. spectra of polymers in frozen solutions remained unchanged, with the exception of special 
cases when solutions of polymers in monomers were investigated, 


The processes of development of a new surface, diminution of molecular weight, and formation of radicals in 
solid polymers proved to be dissimilar from one another; the number of radicals exceeds many times the number of 


« 
© 
4, 
. 


breaks in the main chain, the laws of dispersion and destruction are different, etc. These discrepancies cause doubt 
of the fact that the main process during mechanical destruction is a break of the main chain of the macromolecule. 
It can be «assumed that the primary act during mechanical action is the genesis of intermediate nonequilibrium states 
of the macromolecules; the subsequent chain of secondary processes, including rupture of bonds (probably also side 
chains), formation of radicals, and their transformations is already considerably determined not by the primary action 
but by the structure of the polymer or, more precisely, by the structure of the polymer in the stressed state, From 
this point of view, the anomalously high concentrations of radicals and the similarity between radiation and mechan- 
ical destruction of the polymers becomes explicable, 


- 
. 
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When the absorption of hydrogen by palladium is investigated in the gas phase, one cannot separate the adsorp- 


tion and solution stages, This can only be accomplished in the presence of an electrolyte by studying appropriate 
charge curves [1]. 


Hydrogen is adsorbed on palladium over a wide range of pressures from 10-10"? atm, while the specific ad- 
sorption of anions from solution shows up in the shape of corresponding isotherms, In acidic solutions the effect of 
anions on the hydrogen— metal bond decreases in the order Br > Cl” > 
> soz. Experiments done on platinum electrodes [2] have shown that the 
specific adsorption of SO ions is quite insignificant, and hence one would 


panill expect the heat of adsorption of hydrogen on palladium determined in sulf- 
uric acid to be in best agreement with data obtained for adsorption from 
the gas phase, 
es The manner in which the experiment is set up, and the description 
o2 of apparatus used for recording the charge curves are given elsewhere [1]. 
200\- The method itself was slightly altered: the hydrogen dissolved in palladi- 
{ um was ionized with a 0.6 mamp current, but when the adsorption section 
x of the charge curve was studied the current was reduced to 0,1 mamp, Pal- 
e 100+ ladium black (0,006-0,012 g) was deposited on a platinum electrode from 
=o=O=8 a hydrochloric acid solution of PdCl, at a current density of 70 mamp/ cm’, 
To avoid errors arising from the shrinkage of surface area caused by heat- 
od : seas. ing, the first experiment was always done at the highest temperature which, 
—-> in our case, was 43°C, Charge curves obtained in different electrolytes 
Fig. 1. Adsorption sections of charge enabled us to separate the absorption region from the adsorption region 
curves recorded on Pd electrode in: since the ionization of dissolved hydrogen is independent of the nature of 
1) IN H,SO,; 2) 1N HCl; t = 18°, the electrolyte, 


In general, the adsorption sections of charge curves obtained on palladium in hydrochloric and sulfuric acids 
all look like those shown in Fig, 1, Since there is considerable adsorption of Cl” ion, the bonding between the ad- 
sorbed hydrogen atom and the metal is weakened, so that the ionization requires less energy and the charge curve in 
HCI falls at lower anodic potentials than the corresponding curve in HySQ,. 


The characteristic leveling at ¢= 250 mv® found on all the palladium charge curves obtained in sulfuric acid 
has previously been reported for several Pd — Ag alloys [3]. This section appears on both anodic and cathodic charge 
curves and changes very little in shape when the temperature is changed. In HCl the leveling occurs at lower ¢ and 
is not so pronounced, The point at which the charge curves of any one electrode determined in different solvents 
separately gives the potential and consequently the pressure at which the hydrogen begins to dissolve, Without intro- 


ducing any significant errors, one can assume that the adsorption of hydrogen is completed at that potential and the 
entire Pd surface is covered with hydrogen, 


*All the potentials are with reference to a hydrogen electrode in the same solution, 


Be 
Ure 
me 


tures, 


Experiments were carried out at 43, 23, 18, and 0° using the same electrode and without taking the apparatus 
apart; the temperatures were simply varied by changing the settings on the thermal regulator. Since the entire cycle 


Fig. 2, The Pd electrode potential as a 
function of the fraction of surface covered 
by hydrogen. H,SO,g: 1) 0°; 2) 18°; 3) 23°; 


4) 43°; HCl: 5) 43°, 


Fig. 3, (log Pi,)e = const, 48 4 function of 
temperature for Pd in H,SQ,. 


kcal/ mole 


Fig. 4, The effect of surface coverage on 
the heat of adsorption of hydrogen on Pd(1) 
and on a 42% Ag — 58% Pd alloy (2) in 


H,SQ,; on Pd in HCl (3), 


At 43° our palladium black adsorbs 0,09 mole H/ mole Pd, Slightly less material is adsorbed at lower tempera- 


lasted from 2 to 4 days, the surface area of the palladium black 
would change a little, and hence adsorption sections of charge curves 
obtained at 43°C at the beginning and the end of the cycle differed 
slightly in length, 


In working with individual curves we determined the beginning 
of adsorption (9 = 0) from the point at which the slightly inclined 
portion of the charge curve changed into the sharply rising linear 
section, which represents the charging of the double layer (¢ = 400 
to 700 mv); the beginning of solution (6 = 1), as we have already 
pointed out, was determined from the point at which the charge 
curves for any one electrode determined in two different electrolytes 
(HCI and H,SQ,) part. The major error in the determination of the 
point at which adsorption begins occurs in the potential, while errors 
along the time axis (amount of current) are small. 


A series of individual experiments at 43, 23, 18, and 0°C 
showed that hydrogen begins dissolving at 54, 65, 70, and 82 mv, 
respectively, In determining the length of our charge curves we 
made a correction for the quantity of current needed to charge the 
double layer at potentials in the range from beginning of solution to 
the start of adsorption, just as was done by A, N. Frumkin and A, N. 
Shlygin [4] in their study of the platinum electrode, 


Adsorption sections of charge curves (plotted as surface cover- 
age versus voltage) determined at any one temperature coincided to 
within 2-3 mv, whether determined on the same electrode or on dif- 
ferent amounts of palladium black. Experimental results from meas- 
urements done at four different temperatures in H,SQ, are shown in 
Fig. 2, Since the Nernst equation relates the electrode potential to 
pressure, our curves represent adsorption isotherms plotted in log Py, 
and 6 coordinates, Right after the leveling at ¢ = 240-260 mv is 
the linear portion of the charge curve, which corresponds to the semi- 
log adsorption isotherm [5]. Subsequent inclined section represents 
large surface coverages, Similar experiments were done in HCl solu- 
tions, In Fig, 2 we have also included the adsorption section of the 
corresponding charge curve determined at 43°, In this case though 
the leveling before the linear portion is less pronounced than in the 
case of H,SQ, solutions; it extends to larger values of 6, 


Using the Clausius-Clapeyron equation we can calculate from 
our experimental data the heat of adsorption of hydrogen on palladi- 
um for a given 6, 


The data plotted in Fig, 3 for several surface coverages show 
that (log P)g ~ const, is inversely proportional to temperature, 


The slight scattering of points at small @ and 0°C results from 
the fact that at lower temperatures the first leveling on the charge 
curve (Fig. 2) extends over a wider range of surface coverages, The 
calculated heats of adsorption Q are shown in Fig. 4, We find that, 
in the presence of SO} ions the heats of adsorption remain constant 
in the range 0 < 6 < 0,5; the same has previously been reported by 
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Maxted and Hassid [6] and Quan [7] for the adsorption of hydrogen on platinum. The heat of adsorption remains in- 
dependent of coverage over almost the entire semilog region of the isotherm, At these 6 values the heat of adsorp- 
tion of hydrogen on palladium is 27,5 kcal/mole, which is very close to the value reported by Beek [8] for adsorp- 
tion from the gas phase; as the metal surface becomes more extensively covered, Q declines, In its general appear- 
ance the curve of heat of adsorption versus surface coverage resembles the plot of Q = f (@) for the sliding layers 
formed during the dissociation of diatomic molecules into atoms [9]. 


The very small values of Q at 6 = 0,05-0,15 may result from the fact that we are dealing with different forms 
of hydrogen-to- metal bonds. 


As one would expect, in HCI solutions the heat of adsorption of hydrogen on palladium is much lower (Fig, 4). 
The region of constant Q is in this case almost completely distorted, 


The way in which the heat of adsorption of hydrogen on palladium varies with surface coverage resembles the 
corresponding heat of solution curve [10]. 


We also determined the heats of adsorption on several Pd— Ag alloys in 1 N H,SO,. An alloy containing 8 
mole% silver yielded the same Q = $(@) curve as pure Pd, Charge curves determined on alloys containing more than 


32% Ag exhibited no leveling at Y = 240-260 mv; similarly, the curve shown in Fig. 4 for an alloy containing 42% Ag 
shows no distortions at low @ values, 


Our results for Pd are similar to those reported by Bold and Breiter [11] for Rh though they used a slightly differ- 
ent electrochemical technique for determining the heat of adsorption of hydrogen as a function of 8, They also re- 
ported that only in the range 0.5 @ < 0,75 does the heat of adsorption on Pt change a little. The linear relation- 
ship between Q and @ in the semilog portion of the isotherm was not observed in all their cases, 


The authors wish to thank Academician A, N, Frumkin for his valuable comments and appraisal of our results, 
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According to current ideas on the oxidation of hydrocarbons, a chain production-branching reaction occurs in 
the liquid phase, The chemical mechanism of the reaction may be represented by the following sequence of elem- 
entary stages: 


0) RH + 0, Production of chains 
k 

. . 

Continuation of chains 
2) RO, +RH *ROOH +R 

3) ROOH “4 RO’ + OH" Degenerate branching 

. . ky 

Breaking of chain 

i) RO, + In H ROOH + In’ 


N. N. Semenov [1] has shown that if the oxidation is carried out in the presence of inhibitors some critical in- 
hibitor concentration should exist, below which an autoaccelerated reaction is observed, and above which a very 
slow stationary process is observed. 


The experimental proof of the existence of a critical inhibitor concentration was given in [2], Studying the 
kinetics of the buildup of hydroperoxides during the oxidation of n-decane in the presence of a-naphthol, we have 
shown that at an a-naphthol concentration above critical, the decane is practically not oxidized; what is observed 
is simply decomposition of the hydroperoxides built up in the system before the inhibitor is added, A slight reduc- 
tion in the a-naphthol concentration is sufficient to change the nature of the reaction completely, The reaction be- 
comes autoaccelerated as in the absence of inhibitor, 


Some papers have been published recently which established the critical nature of the relation between the in- 


duction period for the oxidation of polypropylene and the concentration of inhibitors, which were phenol and amines 
(3, 4). 


The critical inhibitor concentration phenomenon and the oxidation of n-decane has so far been studied by us 
in a closed system, However, these phenomena should be observed in open systems too, i.e., in systems which ex- 
change not only energy but also matter with the external medium, The exchange rate is determined by the param- 
eter v = W/V, where W is the volume of material entering the vessel per unit time, and V is the volume of the re- 
acting mixture, 


The change in concentration of the components of a reaction in an open system is the result not only of chem- 
ical transformations but of material exchange, A characteristic property of an open system is the establishment of 
a stationary state after a certain period of time, which depends on the rate of the chemical reactions and the rate of 
exchange, 


A mathematical analysis of the kinetic scheme describing the oxidation of hydrocarbons in the presence of in- 
hibitors in an open system has been given by V. M, Andreev, It was shown that if the inhibitor is added continuously 


2 
am 
: 


to the reaction vessel along with the initial hydrocarbon and the reaction products are removed continuously at the 


same rate, two types of kinetic curves can occur for the buildup of primary reaction product (peroxide), correspond- 


Fig. 1, Kinetic curves of the buildup of hydro- 
peroxides in the oxidation of n-decane in an 
open system at 135°, with the following con- 
centrations of a-naphthol (in mol/ ml): 1) 
pure decane without inhibitor; 2) 3.0 - 107%; 
3) 7.50 107° 5) 9.05 107%; 
6) 9.2+ 10-9 


Fig, 2, Stationary concentration of hydro- 
peroxides in a function of inhibitor concen- 
tration in the oxidation of n-decane in an 
open system at 135°, 


ing either with the stationary or with an autoaccelerated develop- 
ment of the reaction, At some critical inhibitor concentration a 
sharp change should be observed in the stationary peroxide concentra- 


tion, which corresponds with the transition from one form of the proc- 
ess to the other, 


The present paper gives the results of an experimental investiga- 
tion of the critical inhibitor concentration phenomenon in the oxida- 
tion of n-decane in an open system, 


The experiments were made according to the technique des- 
cribed in [5]. Five ml of decane containing inhibitor was admitted 
to the vessel, and from the very beginning of oxidation the same so- 
lution of inhibitor in decane was automatically added continuously 
to the vessel at a rate of 2.6 ml/hr. Here, v = 0.53 hour™’, Oxygen 
was bubbled through the reacting mixture at a rate of 1,6 liter/hr, 
which, at the same time, provided the necessary mixing of the mix- 
ture, The reaction was monitored from the buildup of peroxides, 
which were analyzed iodometrically. 


Figure 1 shows a series of kinetic curves where the peroxide 
buildup at 135° for different inhibitor concentrations, For the slight 
change in inhibitor concentration from 9 ° 107* to 9,05 + 10°* mol 
per ml, the value of the stationary concentration of hydroperoxides 
dropped sharply (practically to zero), 


The critical nature of the stationary peroxide concentration 
has a function of the concentration of inhibitor in a decane added to 
the reaction ana 1s likewise truly visible in Fig. 2. 


Thus, for «-naphthol concentrations less than 9 + mol/ ml 
the oxidation of n-decane develops as a chain formation-branching 
reaction, in which the stationary concentration for peroxides drops 
off proportionally to the increase in the initial concentration of it - 
hibitor. Increasing the inhibitor concentration above the critical 
value, equal to 9+ 10~® mol/ ml, the system goes over into another 
stationary state, where the scale of the chemical reaction in the sys- 
tem is determined solely by the formation of primary active centers, 


The kinetics of hydrocarbon oxidation in the presence of an in- 
hibitor in an open system in accordance with the mechanism described 
above is given by the following differential equations: 


= + ks [ROOH] — & ]? — [INH] —o[RO, }; (1) 
= k, [RO, ] [RH] —&, [ROOH] — v [ROOH}); (2) 
— k; } (InH] + v [InH], — [InH], (3) 


where v[RO;], —v[ROOH], —v[InH], and v[InH]}) are terms giving the change in concentration of the components in 
question as a result of replacement and continuous addition of inhibitoi to the reaction vessel. 


The stationary state of the open system is described by the algebraic equations obtained from Eqs, (1), (2), and 


(3) by setting the derivatives equal to zero, 


The solution of the system of algebraic equations leads to an expression for the stationary concentration of the 


radicals [RO3] as a function of the initial concentration of inhibitor [InH]: 
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(In Hol = + + + (4) 


where [RO,] is the stationary concentration of radicals and wa is the rate of formation of the chains 


Since Eq. (2) gives a linear relationship between [RO;] and [ROOH],[ROOH]= — {RO3] , the curve of slant 
3 
[ROOH] against [InH]) remains the same, 
This relationship is shown graphically in Fig. 3. Mathematical analysis of Eq. (4) showed that in the oxidation 
of hydrocarbons in the presence of an inhibitor there are two stable stationary states: ab and cd, The state be is un- 


stable and does not exist in reality, Thus, for example, if the in- 
hibitor concentration is equal to [InH], and the initial peroxide con- 


ot m centration at the moment the reaction enters the continuous cycles 
lies within the region 1 — m, the open system goes into state m. If, 
on the other hand, the initial concentration of peroxides lies in the 
I i range 1 — n , the open system goes into state n. It also follows from 
= ss Fig. 3 that the critical inhibitor concentration depends on the initial 
= ia concentration of peroxides, In the oxidation of pure decane, the 
cl change in the open system as a function of inhibitor concentration 
{IinK]J—~ @ should follow the path afcd, This is the part which we used in our 
Fig. 3. Theoretical curve of the stationary 
concentration of radicals as a function of V. M. Andreev has found the following expression for the critic- 
inhibitor concentration in continuous oxida- _ al inhibitor concentration [InH]cr in the oxidation of pure decane: 


tion of a hydrocarbon, 


@o 
from which it follows that the ratio kj/ ky is equal to 
k; 2|RHI 1 


fy — Vou) 
We have determined the ratio kj/k, for «-naphthol using the value which we found of [InH]cr = 9 + 10°® mol 
per ml, and the following constants and parameters: kg is the rate constant of the degenerate branching of the chains 


[6], v = 0.5 [RH] = 5.2 + mol/ml, wo = 1.8* mol/ ml, is the rate of change formation fixed by the 
rate of consumption of a-naphthol in the induction period in the closed system, For these parameters we obtain 


Rilke = WRT _ 1 33.105, 


The activation energy of the reaction of the RO, radical with the n-decane molecule is equal to 15,1 kcal per 
mol (from the data of [7]}), including the recently obtained value of the rate constant for chain branching [6]. Thus, 
the activation energy for the reaction of RO, with the «-naphthol molecule is equal to 5,4 kcal per mol. 
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EPR studies have been carried out in our laboratory [1] in aqueous, alcoholic, and glycerin solutions of the 
violet modification of the salts TiCl, * 6H,O and Tig (SO,), * 4H,O. The EPR lines in alcoholic and glycerin solutions 
were observed both in the liquid and in the supercooled state, The 
intensity of the lines in the liquid state was very small, Resonance 
absorption and aqueous solutions of these salts could not be observed, 


This note gives the results of studies on the EPR lines in aqueous 
complexes of the salts TiFs, Tils, and TiBrs. The green hydrated 
complexes* and [Tiln(H,O).-n}° " were prepared 
by dissolving the salts TiF, and Til, respectively, in hydrofluoric 
and hydriodic acids, The solutions were diluted with water. Dissolv- 
ing the salt TiBr, in water gave the violet aqueous complex 


[Ti(H,O,)]**. 


Solutions with two concentrations 0,01 and 0,001 M were pre- 
pared for measurement, The measurements were made in thin glass 
capillaries at a frequency of 9430 mc at 295°K on a standard 
radiospectroscope, The line width 6H is given by the distance be- 
tween the maximum and the minimum of the first derivative of the 
salts: 0,1 mole/liter, ¥ = 9430 mc at absorption curve, Intense EPR lines were observed in the green 
295°K, a) for [TiF,(H,0)s_,F", and b) aqueous complexes with a spectroscopic splitting factor G = 1.946 + 
[Til,(H,O,_ ,P-". + 0,001, and a width 6H = 20 oersted, for [TiFy(H,O)s-n]°"" and g = 

= 1,948 + 0,001 and 5H = 16 oersted, for [TiFp(H,O)g-n]°". It 
turned out that in these complexes 6H and the value of the g factor remain practically unchanged when the concen- 
tration of the solutions is changed from 0,01 to 0,001 M. Obviously, the fact that 5H is independent of the concen- 
tration of the solution shows that there is no effect of magnetic dipole-dipole interaction on the width, In addition 
to the relaxation width, which will be spoken about later, a rather large contribution to 6H is also made by the mag- 
netic moments of the protons in the F’® and I'*? nuclei. As may be seen from Fig, 1, the EPR curves are somewhat 
asymmetric, This line asymmetry is explained by radio frequency power losses from conductivity [2], since the 
complexes studied are stable only in acid medium and the solutions have a large conductivity, This argument is 
supported by the fact that if the diameter of the glass capillary is increased the asymmetry of the curve increases, 


Fig. 1. EPR curves in aqueous complexes of 
Ti* 


No resonance absorption could be observed in the violet solutions of TiBrz. The absence of EPR in these solu- 
tions is explained by the fact that in the octahedral [Ti(H,O),]** complexes by analogy with the model given in [3] 
for the violet aqueous [Cr(H,O)]** complexes, the electric field on the magnetic ion has essentially cubic symmetry 
with a small admixture of fields of lower symmetry, due to particles of the second coordination sphere, Since the 
low symmetry electric field component is small, the resulting splitting A of the low arbitral triplet will also be small, 
In view of this fact, the spin-lattice relaxation time Py, at room temperature, seems to be too short, 


*A detailed description of the preparation of these complexes will be given by E, I. Semenova in one of the chemi- 
cal journals, 
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In the asymmetric complexes [TiFn (HzO)g-nJ]°-" and [Tiln (H,O)s-n]° ", if n # 0 and n = 6, there is a rather 


large axle field component, and the splitting A is so large that the relaxation time at room temperature will be large, 
since Py ~ A’, 


Another explanation for the long spin-lattice relaxation time in aqueous complexes is to be found in a possible 
tetrahedral environment of the magnetic ion, In this case, the levels for Ti** will be similar to the levels of Cu’*, 
i,e., an orbital singlet will show up underneath, 


In conclusion, the authors with to express their thanks to B, M, Kozyrev for discussion of the results, 
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Since contradictory vapor pressures have been reported by different workers for thallium [1-6], it became de- 
sirable to reexamine the problem in order to obtain more reliable data, The vapor pressure of solid thallium has not 
yet been reported by anyone, 


We determined the vapor pressure of liquid and solid thallium, and the corresponding heats of vaporization 
and sublimation over a wide range of temperatures using a modification of Knudsen's effusion method and Langmuir's 
method (which involved evaporation from an open surface) and 
7 thallium radioisotope T1™ as tracer, For our work we built an 
instrument similar to that described in [7]. The new apparatus 
differed from the old in that evaporation was achieved by heat- 
| _ in ing the effusion chamber and the beaker with an electrical re- 
sistance furnace located inside the vacuum chamber, 


i The design of the chamber is shown in Fig. 1, The outer 
shell 1 and cover 2 were made of “Armco” steel while inside 
parts were made of molybdenum (3 and 4), Thallium metal 
was placed in crucible 6 (which was made of crystallized 
beryllium oxide), which was covered with a ceramic cover 7 
and a molybdenum foil 8, The crucible was made gas-tight 

in the same way as before [7], The cover and the shell were 
heated independently by means of two separate coils, so that 

a vertical temperature gradient could be set up to prevent any 
condensation of the metal vapor on the diaphragm, The 
temperatures ofthe diaphragm and at the bottom of the crucible 
were recorded by means of two chromel—alumel thermocouples 
connected to model PMS-48 potentiometers, Errors in the re- 
corded temperature caused by heat losses in the thermocouples 
Fig. 1, Design of the effusion chamber: 1) outer were negligible and, consequently, disregarded in our calcula- 
tions, The temperatures could be determined with an accuracy 
of + 0,5°, 
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shell; 2) cover; 3) molybdenum beaker; 4) cruc- 
ible support; 5) thallium; 6) beryllium oxide 
crucible; 7) ceramic cover; 8) diaphragm with We used very pure thallium which contained radioactive 
effusion hole; 9) heater for cover; 10) quartz coil; T1™ and less than 1+ 104% of each of Fe, In, Cd, Cu, Sn, and 
11) heater for chamber shell; 12) ceramic tubes Pb metals, The specific activity of our radioactive sample 
(12 segments); 13) and 14) chromel—alumel was 2 mC/ g. We also showed radiometrically that our r" 
thermocouples, was not contaminated with any other radioactive materials, 


The evaporation rate was determined from the radiation level of the condensed vapor, Thallium vapor con- 
densed in the receiver was washed out with nitric acid (1:3) containing nonradioactive thallium as a carrier, Sub- 
sequently the acidic solution was neutralized with excess ammonia (2:1), heated at 60-70°C, and treated with potas- 
sium dichromate to precipitate thallium chromate quantitatively, 
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TABLE 1, Thallium vapor Pressure 


The vapor pressure of thallium was calculated from the formula 
IgP = 17,1467 


where P is the vapor pressure in mm Hg, M is the molecular weight of the vapor, T is the absolute temperature in °K, 
and G is the effusion velocity calculated from 


tKs ’ 


The precipitate was filtered on a Buchner funnel, washed with 1% potassium dichromate, and dried, The radio- 
activity of the precipitate was measured with a Geiger counter and compared with the activity of a reference sample. 


where g is the weight of evaporated material, T is the exposure time,o is the area of the effusion pinhole, and K is 
Klausing's coefficient. 


The experimental results are shown in Table 1, To make sure that the radioactivity itself does not affect the 
rate of evaporation we also did a parallel set of experiments using ordinary thallium (experiments 1-4), The amount 
of material evaporated was, in these cases, determined polarographically [9]. It turned out that an activity of 2 mC 
per g has practically no effect on the experimental results, 


Results obtained by the effusion method at various pinhole sizes (expts, 1-19) and by evaporation from an open 
surface (expts, 20-29) can all be well represented, within the range of experimental errors, by the same straight line: 


(1) 


Expt, 2 AHS 
T, °K | T,sec, * sec, 
g.r G, p/cm* + sec P, mm Hg 
S = 3,835-10-* cm? 
4| 719 | 108C0 685-107 4,656-10-° 5,324-10-5 43,07 
2) 816 3600 53,5-1078 3,875-1075 4,327-10-3 43,62 
3} 882 3600 358-1078 2,593-10-4 9, 233-1073 43,63 
4] 912 3600 846 -10-¢ 6,128-10-4 2,219-10-? 43,42 
5] 656 | 14400 0,60-10-° 41,091 -10-7 3,350-10-% 43,09 
6} 689 | 10800 2,30-10-¢ 5 553-1077 1,750-1075 42,74 
7| 749 7200 42,23-10-¢ 4,430-107° 1,453-10-4 43,30 
8| 790 7200 72,1-10-¢ 2,610-1075 8,796-10-4 42,71 
9} 819 360 78 ,8-10-6 5, 704-1075 1,957-10-3 42,89 
10} 872 3600 299 ,5-10-6 2,169-10-4 7,654-1073 43,15 
11] 924 3600 1225-10-8 8,821-10-4 3,215-10-2 42,68 
S = 2,691-10-3 cm? 
12| 663 7200 2,73-10-% 41,409-10-? 4,350-10-° 43,18 
43] 737 5200 66,4-10-8 3,429-1078 4,116-1074 42,90 
14] 802 3600 3375-1078 3,483-10-5 1,183-10-3 42,86 
15| 840 3600 910,4-10-° 9,397 -.10-5 2,898-10-3 43,28 
16} 835 1800 549.10-8 1,133-10-4 3,969-10-3 43,23 
17} 902 900 1066 - 10-6 4,402-10-4 1,585-10°? 43,24 
S = 9,079-10-? cm? 
646 | 7200]  53,6-10-* 8,209-10-8 2,499-10- | 42,84 
19] 760 | 1860} 1105-10-* 6,762- 10-6 2,235-10-4 43,25 


S=1,413 cm? 


20} 519 | 10800 0,56-10-% 3,644-10-" 9,951 -10-10 42,73 
544 | 7200 1,93-10-8 4 ,897-10-1 5 306-1079 | 42,94 
22} 562 | 3600 3,2-10-8 6,253-10-10 4,777-10-8 42,88 
23| 572 | 3600 5,60. 10-8 1,107-10°9 3,174-10-8 43,06 
24| 579 | 1800 4,7-10-8 1,829-10-9 5275-1078 43,24 
25| 610 | 1200 17,1-10-8 4007-1078 2,981 - 10-7 43,13 
26| 640 | 1200 62,2-10-8 4 082-1078 4, 238-4078 43,41 
27] 665 | 900 200-108 1,607-10-7 4, 962-1078 43,13 
28} 708 | 900] 4,262-10-6 9924-1077 3,166 - 10-5 43,18 
29| 757 | 600 5233-1078 6, 162-107 1,618-10-4 43,66 


Av, = 43,1240, 27 
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log P = 8,0871 — 8899,4/T, which was derived by the method of least squares, This would suggest that the condensa- 
tion coefficient of both liquid and solid thallium is close to one, 


The condensation coefficient depends mainly on three factors: composition of the vapor phase, energy states 
at the surface, and the presence of oxide or other films on the surface [11], The fact that the condensation coeffi- 
cient is close to one would indirectly indicate that thallium vapor is monoatomic, 


At any one temperature Tl,O has a much higher vapor pressure than does thallium metal [10]. Before deter- 
mining the vapor pressure of any sample, we heated the thallium for a long period of time in vacuo to free the sur- 
face of any oxide film, so that the third factor can be eliminated from consideration, 


The average heat of vaporization of thallium in the 519-924°K temperature range is AHy = 40,72 kcal/mol, 


Using our experimental vapor pressures and the ®* potentials of gaseous, solid, and liquid thallium given in 
[12], we calculated the AHS in each experiments (see Table 1) with the help of the equation 


Rin P = ©, — — (2) 
The values were all internally consistent and showed no systematic trends when the temperature was changed, thus 
providing additional evidence for the accuracy of our data. The average AHj = 43,12 + 0,27 kcal/mol, Moreover, 
the 0°K heat of sublimation calculated for the average temperature of our experimental range (700°K) by using the 
equation 


AH} = AH; — A (Hr — Hp) 
comes out to be 42,79 kcal/mol, which is in good agreement with the AH§ calculated from Eq. (2). 
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Although at the present time a considerable amount of information has accumulated on the fluorescence 
quenching of chlorophyll, which permits, for example, the principal quantitative regularities of this phenomenon to 
be deduced [1], there is only very meager knowledge concerning the primary act, Starting from the fact that, as a 
rule, quenchers of the fluorescence of chlorophyll are compounds which possess more or less clearly defined oxida- 
tion or reduction properties, E, Rabinowitch [2] expressed the view that quenching in the present case depends mainly 
on chemical interaction, The "chemical" hypothesis of quenching was, as is known, formulated in a more general 
form even earlier by Weiss [3], According to this hypothesis the elementary act in quenching the fluorescence of a 
number of organic and inorganic compounds is associated with the transfer of an electron between the fluorescing 
molecule and the quencher molecule, As far as chlorophyll is concerned, apart from considerations of a general 
character, the results offer no basis on which conclusions can be reached regarding the quenching mechanism, 


V. B, Evstigneev and V. A. Gavpilova [4], by studying the kinetics of photochemical oxidation and reduction 
of pigments of the chlorophyll series, showed that the relative ease of oxidation increased in the series pheophytin a< 


< chlorophyll b < chlorophyll a. A reversal of the series was noted for reduction processes, We suppose therefore 
that by a parallel study of the fluorescence quenching of all these pigments under comparable conditions it would be 
possible to establish a connection between their oxidation-reduction properties and the degree of quenching, On the 


other hand, the specificdependence of the effect on the potential of the quencher could be obtained by using an 
oxidizing agent of the same series, 


For this purpose in the present work, aromatic nitro compounds were used, in which, as is known, an increase 
in the number of nitro groups through the series, leads to a simultaneous increase of the oxidation potential [5]. Nitro- 
benzene, 1,3-dinitrobenzene, 1,4-dinitrobenzene, m-nitrophenol, 2,4-dinitrophenol, and 2,4,6-trinitrophenol were 
employed as quenchers, Commercial preparations of these compounds (chem, pure grade) were subjected to addi- 
tional double recrystallization, Chlorophyll and pheophytin were extracted from the dried leaves of nettles, Separa- 
tion of the pigments into the a and b components was accomplished by the method described in [6], Benzene puri- 
fied from quenching agents and dried was used as solvent. 


For investigation of the fluorescence a FEU-22 photomultiplier was used, The value of the photocurrent was 
determined in relative units from the readings of a microvoltmeter with a 28 IM lamp amplifier. The fluorescence 
of solutions was excited by a blue light from a PRK-4 mercury-quartz lamp filtered by means of a SZS-10 light filter, 
Assessment of the quenching action of specific additions was made on the basis of the changes in the fluorescence 
intensity at A = 670 mu on introduction of definite amounts of nitrocompounds into the solutions of the pigments, 
This wavelength corresponds to the maximum emission of chlorophyll a and is located close to the corresponding 
maxima of chlorophyll b and pheophytin a, It was resolved by means of a UM-2 universal monochromator, 


In Fig, 1 are presented the results of the fluorescence quenching of chlorophyll a, chlorophyll b, and pheophy- 
tin a with nitrobenzene, From the given results it is clearly seen that nitrobenzene quenches the fluorescence of 
chlorophyll a a the most strongly, its effect being somewhat weaker in the case of chlorophyll b, The intensity of the 


luminescence of pheophytin a under these conditions is only negligibly changed, * A completely analogous regularity 
is observed for all the other nitrocompounds, 


*The same is true for pheophytin b, 
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Fig. 1. Quenching by nitrobenzene of 


Fig. 2. Quenching of the fluorescence of 


the fluorescence of pheophytin a: 1) chlorophyll a by m-nitrophenol (1), 2,4- 
0,86 + 10°§ mole/ liter; chlorophyll b, dinitrophenol (2), and 2,4,6-trinitrophen- 
2) 0.7 * 10°§ mole/ liter; chlorophyll ol (3). 


a, 3)0.8° 1075 mole/ liter, 
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Fig. 3. Quenching of the fluorescence Fig. 4, Photochemical bleaching of benz- 
of chlorophyll a with m-nitrobenzene ene solutions of chlorophyll a in the pres- 
(1), and p-nitrobenzene (2), ence of nitrobenzene (1) and m-dinitro- 


benzene (2), 


Thus the effect of fluorescence quenching of a pigment is greater the more strongly expressed is its electron- 
donor activity, 


In Fig. 2 the results are given for the fluorescence quenching of a chlorophyll a solution with m-nitrophenol, 
2,4-dinitrophenol, and 2,4,6-trinitrophenol, From these results it is seen that the degree of quenching increases with 
increase of the nitro groups on the aromatic nucleus, An analogous picture is also observed for additions of nitro- 
and dinitrobenzene to chlorophyll a solution, Dinitrobenzene quenches the fluorescence several times more strongly 
than nitrobenzene, As might be expected, the effect of m-dinitrobenzene was found to be somewhat less than that 
of the p-derivative in which the mutual action of the substituents transmitted by the conjugated chain must effect 
the oxidation potential to a greater extent, The corresponding results are given in Fig. 3, Thus, the results obtained 
show that the effect of quenching the fluorescence of the same pigment with different quenchers from a series of 
nitro compounds is stronger, the greater the number of nitro groups in the molecule and, consequently, the more 
strongly expressed is its electron acceptor activity, 


The relationships which we noted are explicable if it is assumed that the quenching process in the case we are 


considering is dependent on the transfer of an electron from the pigment to the nitro compound, which, in a general 
form, can be written as follows: 


Chi’ + RNO, Chi* + RNO;. 
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It is necessary to assume that the transfer of an electron, corresponding to the act of quenching, is reversible, 
The ion radicals formed in this way remain for a known interval of time in close proximity to one another in a single 
“cell” of the solution, In this way, favorable conditions are established for their easy recombination and almost 
complete reversal of the process, In fact, during measurements of the fluorescence, the concentration of pigment 
does not change, Nevertheless, during a very lengthy exposure of carefully degassed solutions of chlorophyll a con- 
taining nitro compounds,a slow photoreaction is detected which leads to the destructive breakdown of the pigment, 
As might be expected, the rate of bleaching of the chlorophyll during this process is also greater in the presence of 
dinitrobenzene than nitrobenzene (see Fig, 4), It is possible that a transfer of an electron in this photochemical re- 


action may also occur between a singlet excited molecule of pigment present in the same “cell of solution with a 
molecule of the nitro compound, 


The authors express their thanks to Professor B, Ya, Dain, under whose direction the present work was carried 
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Nowadays, on account of numerous data in the literature, it is universally taken that the pressure limit at which 
spontaneous propagation of the reaction zone from the point of ignition is still possible in pure acetylene amounts to 
1,35-1,40 atm, An analysis of the data in the literature shows that the energy required for igniting acetylene in the 
bulk considerably exceeds the amount of energy appropriate to inflammate even critical fuel-air mixtures, More- 
over, the amount of energy required for initiating the decomposition of acetylene depends strongly on pressure; it be- 
comes greater when the pressure is decreased, It is also universally known that an electric spark, as is usually em- 
ployed for igniting fuel-air mixtures, does not suffice to create in acetylene the reaction zone as would be required 
for a spontaneous propagation through the entire volume, and this is not the case even at initial pressures of 4-5 atm, 


1,1 sec 


Fig. 1, Flame propagation in acetylene, Initial pressure 640 mm Hg. Tube 
diameter 160 mm, length 1500 mm, Ignition by a heated Nichrome spiral. 


It should be mentioned that the limiting tube diameters at which spontaneous propagation of the reaction zone 
in acetylene becomes possible are very great when compared with the limiting tube diameters for fuel-air mixtures, 
So, at a pressure of 1.4 atm, the limiting tube diameter is 60 mm; at 12 atm pressure it is 8 mm, whereas for fuel- 
air mixtures the limiting tube diameter does not exceed one millimeter, 


All these data indicate that the width of the chemical reaction zone propagating spontaneously through acetyl- 
ene is much greater than those values which we know for fuel-air mixtures, 


Since, in the technical use of acetylene, in particular in its transportation under raised pressure through pipe- 
lines, ignition sources of the most variegated shape and power (sparks, static electricity, burner torch, etc,) may be 
encountered, an experimental determination of the minimum pressure at which a spontaneous propagation of the re- 
action zone over the entire volume filled with acetylene is still possible seems to be of great importance, 


The decomposition of acetylene was studied at various initial pressures in a steel tube with a diameter of 
160 mm and a length of 1500 mm, i.e., its volume amounted to 30 liter, In order to observe the propagation of the 
reaction zone through the acetylene, the tube was provided with four windows each 250 mm long and covered by 
plexiglass sheets, The propagation of the reaction zone from the point of ignition along the entire length of the tube 
was recorded on a photosensitive film mounted on the rotating drum of a photorecorder, For a check experiment we 
used a steel tube with a diameter of 400 mm and a length of 20 m, i.e., its volume amounted to 2500 liter. The de- 
composition of acetylene was initiated at one end of the tube either by a red-hot heated helix of Nichrome wire, or 


by discharging a capacitor over the gap between two electrodes placed in the acetylene to be tested, or by igniting 

in the acetylene a certain amount of an explosive mixture coated by a thin rubber film. The experimentally deter- 
mined value of the lower pressure limit did not depend on the kind of ig- 
nition source used in the test, 


As an illustration, in Fig, 1 a typical photorecord of the propagation 
of the reaction zone in acetylene is given, 


The distance along the length of the tube is plotted along the ordin- 
ate axis and time along the abscissa axis, As is evident from the photore- 
cord shown, a time of about 1,1 sec has elapsed between the instant at 
which glow of the Nichrome wire appears and the start of the visible flame 
propagation. 


In Fig. 2 the experimentally determined values of the minimum pres- 

Fig. 2, The limit value of the initial sure at which formation and spontaneous propagation of a reaction zone is 

possible are plotted as a function of the spark energy used for initiating the 
decomposition of acetylene, An analysis of the relation shown in Fig, 2 
indicates that spontaneous propagation of the reaction zone in acetylene is 
possible up to a pressure of 580 mm Hg, that is, down to 0,76 atm pressure, 
and not to 1,35-1.40 atm as is usually mentioned in the literature, The 
width of the reaction zone may be estimated from our experimental data, At 580 mm pressure it was found to be 
about 16 mm, that is, considerably longer than it is in the usual fuel-air mixtures, The difference between the value 
of the low-pressure limit which we have found for acetylene and that used in the literature has to be explained by 
the fact that in the published studies inefficient sources were used for initiating the decomposition of acetylene, and 
that they were only able to heat up a gas layer of such a width as was equivalent to the actual reaction zone in 
acetylene at an initial pressure of 1,35-1,40 atm, 


pressure plotted versus the energy of 
the initiating spark, Tube diameter 
160 mm, length 1500 mm, 


If upon initiating the decomposition of acetylene by an electric spark one is able to create at once in the gas 
a heated zone corresponding to the actual reaction zone at its spontaneous propagation, then in the initiating by the 


heated Nichrome spiral at first a certain volume of acetylene is ignited and then a heated layer corresponding to the 
reaction zone is formed, 


At 1,0 atm initial pressure an experiment on the decomposition of acetylene was done in the tube with diam- 
eter 400 mm and length 20 m, The decomposition of acetylene was initiated at one end of the tube by discharging 


a capacitor over a spark gap. The reaction zone propagated along the entire length of the tube at a mean velocity 
of 30 m/sec, 


The experimental data obtained in this study confirmed our suppositions that a spontaneous propagating reac- 
tion zone in acetylene has a great width and requires much more powerful initiating sources than are applied for the 
usual fuel-air mixtures, If one wants to create safe conditions for handling acetylene, one must take into account 
the lower value found in this study for the pressure limit at which a decomposition zone generated in a certain point 
may still spread over the entire volume, 
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In order to verify the mechanism proposed some time ago [1,2] to explain the effect of adsorbed anions on the 
rates of electrode reactions, we investigated the specific adsorption of iodide fons on silver and the effect of adsorp- 
tion on hydrogen overvoltage on this metal in 0.1N HySQ,. The adsorption was investigated radiochemically using 
I'*' as a tracer, The amounts adsorbed were determined by measuring the residual activity of solutions, The method 
and experimental procedure followed in these radiochemical and polarization 
measurements, both done in the same apparatus, have already been described 

in another paper [1].. 


Ions /cm? 
40r e The great affinity exhibited by silver toward iodide ions enabled us to 
{ use smooth electrodes with a visible surface of 10 cm*, The I” ion concentra- 
." . tion in solution was varied from 10°® to 10°® equiv/liter. In working with low 
S 30 = concentrations (less than 10°? equiv/ liter) only the radioisotope ['™ was intro- 


-O) gee “Q3 04 duced into solution, The volume of solutions used in our adsorption studies 


3 
Fig. 1. The adsorption of I” ion canged 


as a function of the electrode Prior to each experiment the electrode surface was cleaned with very fine 
voltage in 1,.0N H,SO, solutions glass powder and thoroughly washed with twice-distilled water, The specific 
containing 107" equiv/liter KL surface of our electrodes was calculated from the double-layer capacitance, 


which, in turn, was measured by a method described before [3], The measure- 
ments yielded a roughness factor of about 3 for our electrodes, All the measurements were carried out at room 
temperature under hydrogen from which all traces of oxygen were carefully removed, 


The experiments were carried out in such a way that the electrodes would be maintained long enough at any 
given voltage to ensure the attainment of adsorption equilibrium in the system, This enabled us to determine the 
equilibrium surface coverage at any given voltage and its dependence on the initial KI concentration in solution (at 
the same voltage), Combining these results with results obtained from polarization measurements, we were able to 
establish the relationship between the fraction of electrode surface covered by the adsorbed I’ ions and the changes 
in hydrogen overvoltage brought about by this adsorption. 


The state of the silver surface in the presence of adsorbed I” ions was examined by measuring the differential 
capacitance of the electrical double layer next to the metal surface over a wide range of voltages, and also by meas- 
uring the rate of desorption as a function of the adsorption and desorption voltages, 


Figure 1 shows that within the relatively narrow range of investigated voltages adsorption increases linearly 


with increasing (in the positive direction) voltages, A similar linear relationship was observed at practically all the 
investigated initial KI concentrations, 


At any fixed voltage an increase in the KI concentration results in increased adsorption, and over a large range 
of concentrations, from 107® to 10~® equiv/ liter, the relationship between the two is linear, 


As in the case of lead [1], iodide ion adsorption on silver is completely reversible in the sense that, regardless 
of whether the adsorption is measured by increasing or decreasing the polarization, the amount adsorbed has a fixed 
value for a given voltage, Accordingly, a shift toward more negative voltages results in a partial desorption of I” 
ions, while a similar shift in the positive direction leads to additional adsorption. 


ions/ cm? 
169 
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Fig. 2. Desorption rate of iodide ions 
at ¢ = —0,335 v for various adsorption 
voltages: I) for ¢ = —0.174 v; II) for 
= —0,124 v, 


Fig. 3, Hydrogen overvoltage as a 
function of the logarithm of current 
density: 1) in 1.0N H,SO,; 2) in the 
same acid in presence of 2,6° 107° 
equiv/ liter of KL 


Fig. 4, Change in hydrogen overvolt- 
age as a function of the fraction of 


silver surface covered by the adsorbed 
iodide ions, 


The adsorption of I” on silver, as in the previously reported case of iron [4], decreases the differential capaci- 
tance of the double layer by a factor of 2-3, which definitely indicates a specific interaction between these ions and 


and the surface atoms of the metal electrode, 


The desorption measurements would indicate that the adsorption- 
bond energy does not remain constant but increases appreciably at more 
positive voltages, The data shown in Fig, 2 favor this interpretation. 
These data were obtained in experiments where the electrode was first 
polarized at a voltage at which all the iodide fons in solution would be 
adsorbed, Asa result, even at different adsorption voltages (in our case 
at —0.174 and —0,124 v, respectively) the surface coverage remained the 
same, about 16,9 * 10" ions/cm? in our experiments, And yet the more 
positive the original adsorption voltage, the slower would the subsequent 
desorption be at any fixed voltage ( —0,335 v in our case), Thus, for ex- 
ample, for samples adsorbed at the above-mentioned voltages the desorp- 
tion of the same amount of I”, 3+ 10" ions/cm*, took 27 and 110 min, 
respectively, 


That the desorption rate depends on the preliminary polarization 
voltage can also be seen in Table 1, The tabulated data were obtained 
in experiments where the desorption voltage was maintained at —0,335 v, 
while adsorption was carried out at —0.145-0,050, and +0,100 v, respect- 
ively; the initial KI concentration was 1.2 + 10°* equiv/ liter. 


Other conditions being the same, the desorption rate also depends 
greatly on the desorption voltage, We have established that, for any 
given adsorption voltage (and equal surface coverage), the desorption 
rate increases as the voltage is made more negative, 


Polarization measurements have shown that, over a wide range of 
KI concentrations, from 107® to 10 * equiv/ liter, the adsorption of iodide 
ions on silver, unlike the case of lead, is accompanied by increased hydro- 
gen overvoltage only. 


In Fig. 3 we have plotted the rate of hydrogen evolution as a func- 
tion of voltage in 1,0N H,SO, before (curve 1) and after (curve 2) 2,6 > 107° 
equiv/ liter of KI were introduced into the solution, 


Since it takes a long time to establish an adsorption equilibrium in 
these systems, the exact shape of polarization curves obtained in solutions 
containing KI will depend to a large extent on how rapidly the measure- 
ments are conducted, This is well illustrated in Fig, 3 where the data 
along curve 2" were recorded more rapidly than those represented by 
curve 2, When the electrode was maintained for an extended period of 
time at the current density represented by point a, the potential gradually 
shifted toward more negative voltages, to the corresponding equilibrium 
value along the slowly recorded curve, Simultaneous adsorption measure- 
ments revealed that this shift is accompanied by an increase in the num- 


ber of I” ions adsorbed on the silver surface, We have thus been able to prove that the experimentally observed de- 
crease in the slope of the hydrogen overvoltage curve results from an increased surface coverage (by the adsorbed 
fons) and the accompanying shift in the electrode potential toward more positive values, By combining the results 
from polarization and adsorption measurements obtained under similar conditions, we constructed a curve showing 
how the observed increase in overvoltage depends on the fraction of surface covered by the adsorbed iodide ions 
(Fig. 4). The assumption was made that the adsorption of one iodide ion per silver atom on the surface represents 


complete surface coverage, 


The results presented above show that the adsorption of ions in amounts barely sufficient to form a hundredth 


part of a monolayer slows the evolution of hydrogen appreciably, and the retardation steadily increases as the fraction 
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of surface covered by the adsorbed ions is increased, Similarly, at a given imposed current density, the overvoltage 
will also sharply increase when the KI concentration in solution is raised. For example, when we raised the KI con- 


TABLE 1, 

Amount Time in minutes 

of I” at various desorption voltages 

(g 107") 

—0,145 v —0.050 v —0.100 v 

from 1 cm? 
1.6 2.5 15,0 20 
2.1 71.5 27.5 45 
2.45 12,5 37.5 110 


centration from 0,9 10°° N to 8* 10°" N, the overvoltage 
(at logi = 1+ amp/ cm?) increased by almost 110 mv, 
It should be noted, however,, that the overvoltage will only 
keep rising in this way until a certain KI concentration is 
attained, and after that it becomes independent of the salt 
concentration, 


Of some value to a better understanding of the mecha- 
nism by which adsorbed I” fons interfere with the evolution 
of Hy on a silver electrode are the results obtained in this 
work which show that the introduction of even minute a- 
mountsof KK8 * 107? equiv/ liter) into the acid solution 
greatly reduces hydrogen retention time on the charge 


curve or, in other words, it reduces the amount of hydrogen adsorbed on the electrode surface, 


This provides direct evidence in support of a previously proposed mechanism [1,2], according to which the spe- 
cific adsorption of a halide ion on the surface of a metal electrode is not only accompanied by structural changes in 
the electrical double layer at the metal — solution interface, but also by changes in the catalytic properties of the 
surface, as reflected in the reduced hydrogen adsorption energy, which would naturally lead to an increased activa- 
tion energy for the discharge of hydrogen ions and consequently increased overvoltage, 


The observed differences between the effects of I” ion adsorption on the rate of hydrogen evolution on silver 
and lead electrodes are undoubtedly connected with the fact that the adsorbancy of hydrogen on silver is much greater 
so that effects connected with the poisoning of the electrode surface by the adsorbed anions are therefore more pro- 


N 


co 


nounced and exceed in magnitude other effects connected with structural changes in the double layer, 
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The theory of cathodic processes on semiconductors has been developed for the case where conductivity elec- 
trons take part in the process [1], There exists, however, a group of cathodic processes which involve participation 
of electrons of the valence zone [2-5]. Without dealing here with the conditions under which valence electrons may 


take part in a cathodic process [3], let us examine how their participation influences the form of the kinetic equa- 
tions, For this we shall start from the results obtained in [1]. 


Let us first consider the case where the proportion in which the valence electrons take part in the reaction is 
equal to unity, This case has already been discussed in [6], Here we shall examine it from another viewpoint and, 
on the basis of this examination, we shall discuss the case where electrons of the two zones take simultaneous part 
in the reaction [4], For simplicity let us assume that surface states are absent [1]. In addition, let us assume that 
the ¥;-potential is equal to zero, Let ny be the displacement of the potential in the Helmholtz part of the double 
layer when a current of density i is passed; AYp¢ the displacement of the potential in the layer of bulk charge in 
the semiconductor; and Aq the change in the charge on the ionic layer when current is passing. 


If n is the measured overvoltage, then 
n= (1) 


As a first approximation is is assumed, as in [1], that the surface state of the electrode remains unchanged on 
polarization, 


It is known that 


i=i (2) 


Here ig is the exchange current density; C is the concentration of electrons on the surface of the semiconductor with 
polarization; Cy is the same for i = 0; while the other symbols have their usual significance, Equation (2) describes 
a process whose rate is determined by the rate of one of the stages of the electrochemical reaction, This means that 


the passage of current does not break down the electronic equilibrium in the semiconductor. This simplified repre- 
sentation is sufficient for examination of the fundamental aspect of the problem. 


In [1], C and Cp are considered as the concentrations of only the conductivity electrons, Formula (2) has a 
more general significance, however, and is also applicable when valence electrons take part in the process, Assum- 
ing C and Cy to be the total concentrations of electrons on the surface, we obtain C = Cp, since, under the conditions 


generally employed for electrochemical reactions, the total concentration of electrons on the electrode surface re- 
mains practically unchanged, 


From (2) we have 
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From this and (1) we obtain 


whereas, if we assume that C and Cy are the concentrations of the conductivity electrons, we obtain from (2) the 
equation 


RT. 


fe in formulas (4) and (5) are not equal, since when n = 0 the concentrations of the electrons taking part in the re- 
action are not equal, 


When i-— 0, as shown in [1], 


RT , 
(6) 


When valence electrons take part in the reaction, however, this equation relates not n andi, but ny andi, 
as follows from (3), Thus, 


Ag, = i. (7) 


Comparison of (4), and (5), and (6) and (7), shows that it is easier to displace the equilibrium of the reaction 
involving valence electrons (i,e., to obtain a potential differing from the equilibrium potential) than to displace the 
equilibrium of the reaction in which conductivity electrons take part, The reason for this is that when valence elec- 
trons take part in the reaction, its rate can increase only as a result of a decrease in the activation energy with a 
change in the potential jump in the Helmholtz layer, In this case, therefore, nj should be greater than when con- 
ductivity electrons take part in the reaction (for the same i/ig), where an acceleration is produced not only by a de- 
crease in the activation energy, but also by an increase in the concentration of the reagent — the conductivity elec- 
trons, Since a larger A¥p¢ also corresponds to a larger 1, will be greater in the case where valence electrons 

are used, It is also significant that the relationship between Ap, and 7 yj also depends on whether or not the semi- 
conductor surface is degenerate, For a nondegenerate surface, A?pc is much greater than 7 9 and makes up the 
greater part of the total overvoltage, It therefore follows from (1), (4), or (7), and the relationship between n y; and 
Abc [1], that the polarizability under these conditions is very high. For a degenerate surface, AYp¢ is comparable 
with 7 yy, so that from the same equations (1) and (4) or (7), and the corresponding relationship between 7 y and AYphe 
for a degenerate surface [1], it follows that the polarizability will be much lower than in the former case, leading 

to a sharp decrease in the slope of the overvoltage curve, Thus, for example, for a hole semiconductor on whose 
surface there is an enriched layer in the absence of external current, the cathodic overvoltage curve for the case 
where valence electrons are used has a step with a height approximately equal to the width of the forbidden zone 
(the section with the low slope in the region of the enriched layer is replaced by a section with a high slope with 
movement into the nondegenerate range; displacement of the Fermi level from below upwards through the whole of 
the forbidden zone leads again to degeneration which, in turn, leads to a decrease in the slope), This qualitative 
conclusion (a quantitative result can also be obtained by using the appropriate relationships between nj and AYpe, 
given in [1]) agrees with the conclusions reached in [6] by a different method, 


Let us now examine the case where both valence electrons and conductivity electrons take part in the reaction. 
Let us assume that the surface of the semiconductor is nondegenerate, In this case, Eq. (2) remains applicable, but it 
is difficult to determine the concentrations of electrons taking part in the reaction from the two zones, It is there- 


fore better to obtain a kinetic equation containing a quantity which can be determined experimentally — the fraction 
of valence electrons in the total current [4], 


Let us denote the current for the valence electrons by iy and the current for the conductivity electrons by ic. 
It is obvious that 
v c (8) 
Let 
= x. 
(9) 


Let us consider first the case of low currents (i << ig). 


If it is assumed that the currents ic and iy are independent of one another, i,e., that the reaction in which con- 
ductivity electrons are used takes place independently of the reaction in which valence electrons are used, then, in 
accordance with (6) and (7), 


nF (10) 


Here fey is the exchange current for the reaction involving valence electrons, and igc is the exchange current for 
the reaction involving conductivity electrons, It is obvious that 


iey+ tec = le. (11) 


Equations (8), (10), and (11) form a system whose solution, together with (9), gives the required expression: 


(12) 


If we assume in analogous fashion that the reaction involving valence electrons and the reaction involving con- 
ductivity electrons take place independently in the range where i >> ie, we obtain from (4) and (5) the expressions: 


iy rr. 


Solution of (13) and (8) and (11) gives 


—FA /RT —aF 
Gein (13) 
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] (14) 
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) 
It should be emphasized that these results are applicable only when there is no diffusion delay for the con- 
ductivity electrons taking part in the reaction, 


These features are most clearly revealed for the polarization of Si in alkaline solutions [7], The current of 
spontaneous dissolution of Si in 10 N KOH, measured from the rate of evolution of hydrogen, is equal to ~10~* amp 
per cm’; the steady-state potential is equal to ~ —300 mv versus a hydrogen electrode in the same solution, A cath- 
odic current of ~10~* A/cm? displaces the potential of p-Si by 100 mv, compared with the fraction of a millivolt 
expected for the case where conductivity electrons are used [1], On n-Si a current of (2-3) * 10-4 amp/ cm? displaces 
the potential by about 200 mv instead of several millivolts, These high overvoltages are difficult to explain as volt- 
age drops in an oxide film, since in this range of potential Si dissolves actively, indicating that there can be no high- 
resistance oxide film on its surface, These facts correspond qualitatively to the picture of a reduction process in- 
volving valence electrons, as described above, The possible participation of valence electrons in the reduction of 
water on Si is responsible for the marked difference between the normal potentials for the processes of Si dissolution 
(Ey = —1.7 v) and water reduction, 


According to [3] there is a direct correspondence between this difference and the probability that valence 
electrons take part in the reaction, It should be noted that the above data for an Si cathode can also be explained 
by assuming that the Si reacts chemically with the solution, and this leads to a noncorrespondence between the ob- 
served overvoltages and the current of spontaneous dissolution, The available experimental data do not appear to 
refute either hypothesis, 


The authors with to thank Professor V, I. Veselovskii, L. A. Aladzhalova, T, I, Borisova, and V. M, Novakovskii 
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At the present time extensive use is made of synthetic additives to lubricating oils which, in addition to other 
properties, exhibit a “wetting” action, In some additives this property is so marked that they are usually described 
as “wetting” additives, In the presence of these additives there is a considerable decrease in the amount of carbona- 
ceous deposits formed in an engine from the products of oxidation and incomplete combustion of the hydrocarbons 
in the oil and fuel, The term “wetting” additives has been extensively used chiefly because the action of these ad- 
ditives is in some respects similar to the action of familiar wetting agents used in aqueous solution (salts of organic 
acids, sulfonates, etc,), In one of our papers [1] it was pointed out that this term is not apt when applied to this type 
of additive, A rational name for a type of additive should have a scientific basis and should reflect primarily the 
actual mechanism of its action, The mechanism of action of additives has been discussed to some extent in a num- 
ber of papers [1-7]. 


In the present work it has been shown that the “wetting” action of additives is due to their adsorption on the 
insoluble particles of oil suspensions, which leads to an increase in the degree of dispersion of the suspension and to 
stabilization of the suspension, 


The greater part of the studies was carried out with polyfunctional additives of the nickel dialkyldithiophosph- 
ate type, As shown in our previous work [8], nickel di-n-octadecyldithiophosphate [((CygH37O),PSS},Ni exhibits a 
powerful “wetting” action, 


A suspension of carbon black in toluene was used as a model suspension, The suspension was prepared from 
carbon black and a known quantity of a solution of the dialkyldithiophosphate in toluene, When adsorption equilib- 
rium had been established and the carbon black had been separated, the quantity of dialkyldithiophosphate remain- 
ing in the solution was determined; from the difference between this quantity and the quantity of dialkyldithiophosph- 
ate taken, it was possible to determine the quantity of dialkyldithiophosphate adsorbed on the quantity of carbon 
black taken, In this type of measurement considerable difficulty is usually encountered in the determination of the 
extremely small quantities of additive present in the dilute hydrocarbon solutions, We carried out this determination 
as follows, After removal of the toluene, the nickel dialkyldithiophosphate was decomposed with a mixture of con- 
centrated nitric and sulfuric acids, the resultant nickel salt was converted to the intensely colored complex com- 
pound of nickel withdimethylglyoxime, and the nickel content was determined colorimetrically, 


Figure 1 gives the results of experiments on the adsorption of different nickel dialkyldithiophosphates on car- 
bon black. The equilibrium concentration of the dialkyldithiophosphates in the individual experiments varied from 
37 to 700 mg, or from 0,03 to 0,5 mM per liter of solvent toluene, 


Figure 1 shows that the observed relationships between the quantity of adsorbed dialkyldithiophosphate and its 
equilibrium concentration are typical adsorption isotherms, It has thus been shown that additives of the nickel di- 
alkyldithiophosphate type are in fact adsorbed from a hydrocarbon solution on carbon black particles, 


The values of the maximum limiting adsorption corresponding to complete saturation of the adsorption layer 
at the toluene — carbon black boundary (A), determined from the adsorption isotherms, amounted to 5,70, 4.08, 
and 3,17 mM per 1 g of carbon black (channel black) for nickel n-butyl-, n-decyl-, and n-octadecyldithiophosphates, 
respectively, In other words, 1 g of the carbon black adsorbed 3,1 g of the di-n-butyldithiophosphate, 3,6 g of the 
di-n-decyldithiophosphate, and 4,2 g of the di-n-octadecyldithiophosphate. 
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It is interesting to note that for the adsorption of nickel dialkyldithiophosphates on carbon black (from toluene) 
we obtained a relationship which, as far as the influence of the length of the hydrocarbon radicals is concerned, fs 
contradictory to that obtained for the adsorption of the same ad- 
ditives at a hydrocarbon— water interface, The hydrocarbon radi- 


45 cals of the nickel dialkyldithiophosphate molecules adsorbed on 
s 4 2 the carbon black apparently have a spatial arrangement which is 
8 . i it different from that for the case of adsorption on a hydrocarbon— 
§ J water interface; the molecules with the longer radicals have a 
bo less compact structure and occupy a greater area on the carbon 

2 P Py 48 
black surface, 
al 
= We recorded electron-microscope photographs of specimens 
E 0 0 2 50 mM 10°/liter of carbon black obtained from suspensions of carbon black in tolu- 
1. terms othe of and who 
dialkyldithiophosphates on carbon black, 


black particles [9] and, from the qualitative results of the adsorp- 
tion experiments, the average number of additive molecules ad- 
sorbed on one carbon black particle, One (averaged) carbon black 


Carbon black — toluene suspension, Carbon 
black concentration 0,00061%, 1) Nickel di- 
n-octadecyldithiophosphate 


2) nickel di-n-decyldithophosphate particle adsorbs approximately 6 10* molecules of nickel di-n- 
O),PSS],Ni; 3) nickel di-n-butyldi- 
thiophosphate [(CyHgO),PSS]},Ni. As a result of the adsorption, the particles of the carbon 


black are covered with a layer of nickel dialkyldithiophosphate 
molecules with their hydrocarbon groups directed toward the hydrocarbon medium, In accordance with this, the 
oleophilic nature of the particles increases sharply and the suspension as a whole becomes more stable, 


It should be noted that the surface of the particles of different types of carbon black are not uniform and are 
oxidized to different degrees, This is particularly true of channel carbon black, whose suspensions in a hydrocarbon 
medium can also be regarded as models of real oil suspensions, The nature of the surface of the carbon black par- 
ticles is also responsible for the adsorption of the dialkyldithiophosphate molecules by means of their polar groups, 
while the nonpolar part of the molecules (the hydrocarbon groups) are directed toward the hydrocarbon medium, 


The stabilization of a carbon black suspension was studied by two methods, In the first case we determined 
the time required for complete precipitation of the carbon black from the suspension in special cylinders or by centri- 
fuging in a centrifuge fitted with an assembly for controlling the temperature, In the second case we determined 
the relative change in the concentration of carbon black in the suspension with time by measuring the optical density 
of the suspension, In the case of additives of different structure, it was shown that the stabilizing action of the ad- 
ditives corresponds exactly to their activity as “wetting” additives, 


In the dialkyldithiophosphate series, the stabilizing effect increases with increase in the length of the hydro- 
carbon radical present in the molecule, This relationship would appear to contradict the results of the study of the 
adsorption of these compounds, 


Thus, for example, the number of nickel di-n-butyldithiophosphate molecules adsorbed on one particle of 
channel carbon black was approximately double the number of molecules of the di-n-octadecyldithiophosphate, The 
hydrocarbon radicals of the di-n-octadecyldithiophosphate are, however, almost 5 times longer than the hydrocarbon 
radicals of the di-n-butyldithiophosphate, and this is the decisive factor, It is apparently only sufficiently long hy- 
drocarbon radicals which are able to make the carbon black particle, covered with the adsorption layer, sufficiently 
oleophilic for stabilization, 


Thus, additives of this type which, in addition to the dialkyldithiophosphates, include the salts of organic 
acids (alkylphenolates and sulfonates), are surface-active substances which are adsorbed from a hydrocarbon medium 
(oil) on to the surface of insoluble particles, preventing their adhesion (agglomerization) and formation of larger 
particles, with deposition from the oil suspension, The large agglomerates already formed, in which the fine particles 


are bound by relatively weak molecular adhesive forces, can be broken down and dispersed in the presence of the ad- 
ditives, 


The over-all action of the additives thus involves an increase in the degree of dispersion of the oil suspension 
formed during running of the engine, and stabilization of this suspension, In other words, a process of adsorptive 
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dispersion of the insoluble products in the oil takes place, Since the agglomerization of particles (flocculation) in 
the oil yields relatively loose aggregates, their dispersion is essentially a peptization process [10]. 


The “wetting” action of additives can be regarded as a dispersing (or peptizing) action, so that “wetting” ad- 
ditives should be referred to as dispersing (or peptizing) agents, 
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Three cobalt antimonides are known: CoSby, with scutterudite structure [1,2], CoSb, with a marcasite structure 
[1,3], and CoSb with a nickel arsenide structure [3,4]. 


The phase diagram of the Co—Sb system has been reported [5]. The compound CoSb does not deviate to any 
appreciable extent from the stoichiometric composition, According to Rosenqvist [1], the compound CoSb, contains 
a slight excess of cobalt (some sulfur atoms are replaced in the crystal lattice by cobalt atoms), In another paper 
[6], Rosenqvist assigned the formula CoSb;,, to the compound, In the phase diagram of the Co-—Sb system [5], the 
region corresponding to homogeneous CoSb, is represented by a broken curve in the range from 64 to 66,7 mole% of 
Sb, Other workers (among them [2]) fail to mention the nonstoichiometric composition of CoSb,, According to 
Ageev and Makarov [7], the CoSb phase exists in the region from 43,4 to 49,2 mole% of Sb, while the excess cobalt 
atoms occupy doubled tetrahedral vacancies in the antimony sublattice, 


We have calculated the integral thermodynamic functions for the compositions of CoSbs, CoSb,, and CoSb 
even though CoSb, deviates from the stoichiometric ratio, while the upper limit for a homogeneous CoSb phase rich- 
est in antimony is observed at 49.2 mole% of Sb (the experimental data were obtained using a compound of this com- 


position), The errors introduced by rounding off the figures in our calculations are smaller than the experimental er- 
rors, 


The thermodynamic properties of cobalt— antimony alloys were determined by measuring the emf's of approp- 
riate cells, The technique has been described in detail elsewhere [8,9]. The equation representing emf as a function 
of absolute temperature (a linear relationship) was obtained from the experimental data by the method of least 
squares; data obtained from all the experiments and all alloys for any given heterogeneous region of the phase dia- 


gram were combined, The method of least squares [10] was also used for calculating the errors in the emf and the 
coefficients in the equation E = f(T). 


The alloys were made up by mixing antimony purified by zone melting (99.999% Sb) with cobalt prepared 
from analytical reagent grade nickel-free Co(NO ),. 


The reaction 


Co + 3Sb = CoSbs Q) 


is responsible for the potential difference in the electrochemical cell 


(—) Co | CoCle -+- KCI + LiC! | CoSbs + Sb (+). 
Melt Solid heterogeneous alloy (I) 


The free energy change accompanying reaction (1) can be expressed in terms of the emf of cell (I), 


AF, = —2FE), (A) 
where z = 2 is the ionic charge of cobalt, F is Faraday's number, and E] is the emf of cell (1). 


In investigating the 790-890°K temperature range, we represented our experimental data by the equation 


= (302,2 + 1,45-10°7)mv + 9,6mv. 


9 Die 
| 
a 


From which we get 


AF, = (—13,94 — 0,067 -10°°7) kcai/ mole CoSbs. 


The reaction 


Co + 2CoSbs = 3CoSb, 


is responsible for the potential difference in the cell 


(—) Co 'CoCl, + KCI + LiCl | CoSbs!+ CoSbs (+). (Il) 
melt solid alloy 


For the 800-990°K temperature range, 
Ey, = (136,3 + 30,4 -10 °7) mv+ 15,0 mv. 


AF, = (—6,29—1,40 -10°°7) kcal/mole Co. 


The formation of CoSb, from its elements, 


And using Eq. (A) we get 


Co + 2Sb = CoSb. 


can be expressed as a combination of reactions (1) and (2), so that 


2AF,+A 
AFy = (—11,39—0,51- 1077) keal/ mole CoSby. 


The reaction 


Co + CoSbz = 2CoSb (4) 


is responsible for the potential difference in the cell 


(—) Co] — + KCl + LiCl | CoSb + CoSbs (+). 


solid heterogeneous alloy (IIT) 


For the 770-980°K temperature range 
Ein = (98,8 + 35,5 -107°7’) mv. + 4,2 mv. 
AF, = (—4,56 — 1,55 kcal/mole Co, 


The formation of CoSb from its elements, 


Co + Sb = CoSb 


can be expressed as a combination of reactions (3) and (4), so that 
AF, + AF, 
AF; = (— 7,98 — 1,03-10°7) kcal/mole CoSb 


The heats and entropies of formation of the cobalt antimonides were obtained from AF,, AF,, and AFs by us- 
ing the equations aAF 


AS = and OH = AF +7 AS. 


The changes in the free energy, heat, and entropy of formation of solid cobalt antimonides from its elements 
have been evaluated per mole of cobalt antimonide and are .compiled in Table 1: 


TABLE 1, 


AF = f(T), kcal AF kcal AH, kcal AS, 


CoSbs —3,48—0,02-10-° T —3,50+0,11 —3,5+0,6 0,0+0,7 
CoSb, —3,80—0,17-10°°T —3,94+0,17 —3,8+0,7 +0,2+0,8 
CoSb —3,99—0,52-10°° T —4,43+0,18 —4,0+0,6 +0,5+0,7 


© 

(5) 
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The capacitance of an electrical double layer in nonaqueous solutions has been investigated by several workers 
[1-6]. The workers referred to used aliphatic alcohols as solvents, Since the dielectric constant of aliphatic alco- 
hols is much lower than that of water, it is not surprising that the capacitance of the double layer decreases when 
water is replaced by alcohols [1,3,4]. Another peculiarity is that when the differential capacitance (C) in aliphatic 
alcohols is plotted as a function of the electrode potential (¢) the characteristic hump which in aqueous solutions oc- 
curs near the null point (n.p.) is completely absent. According to [7], the hump on the C vs, ¢ plot appears when 
the effective dielectric constant of the adsorbed dipole layer is at a maximum and hence its absence in CHsOH and 
C,HgOH solutions may either be connected with a more compact arrangement of alcohol molecules at the mercury 
surface, which is very little affected by the field of the dipole layer, or with the lower freezing point of alcohols; 


therefore, capacitance data obtained in CHsOH and C,HsOH at 25° should be compared with the C — ¢ plots for water 
at higher temperatures [1,8]. 


In our current work we have used an impedance bridge [9] for measuring C as a function of y on a mercury 
drop electrode in N-methylformamide solutions of various salts; the dielectric constant of N-methylformamide is 
much higher than that of water (D = 182,4 [10]), The potentials were measured with reference to a normal calomel 
electrode, which was connected to the cell through a bridge filled with a saturated aqueous solution of KCl. The 
commercial HCONHCHs was distilled twice in vacuo (at ~1 mm of Hg), shaken with CaO, and vacuum- distilled 
again, The last operation was repeated twice, After that the HCONHCHs; was fractionally distilled under reduced 
pressure in a nitrogen atmosphere, The resulting N-methylformamide had a specific conductance of (2-4) + 10°? 
ohm™' + cm” at 20°, a freezing point of —3,4°, and a refractive index n= 1.4300, Before measuring the capacit- 
ance we subjected the experimental solutions to cathodic polarization over mercury in a hydrogen atmosphere by 
passing a current of (1-6) + 1075 amp/ cm? for 20 hrs, 


The results are presented in Figs, 1-4.* The figures show that the double layer capacitance in N-methylform- 
amide is generally smaller than in water, Thus, C = 8.8 yF/ cm? in 0,1N KCl and #= —1.8 v and 13,9 HF/ cm? at 
y = -0.6 v. Since the n.p. in this solution is at —0,41 v,** the indicated potentials represent a negatively charged 
mercury surface, One possible reason for the decreased capacitance (relative to water) may be the increased radius 
of the solvated cation in HCONHCHs. On the other hand, the small values of the double layer capacitance in N- 


methylformamide indicate that the effective dielectric constant is much smaller in the vicinity of the surface than 
it is in the bulk of the solution [11], 


In the case of positive surface charge, the capacitance rises sharply due to the specific adsorption of Cl~ ions, 
As in the case of aqueous solutions [12], the adsorbance of anions increases in the order Cl’ < Br < I, and the as- 
cending portion of the C— curve shifts toward more negative potentials in the same order (Fig. 1), When Cs* is 


*The double layer capacitance remained independent of the alternating current frequency, which we varied from 
400 to 10,000 cps, over the entire range of investigated potentials, The data given here were obtained at 400 cps, 


**The n.p, was determined from the maximum on the electrocapillary curve for a 0,1N KCI solution in N-methyl- 
formamide, 


= id 
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present in solution a similar rise is also observed at very negative polarizations, which indicates that at negative po- 
tentials in HCONHCHs solutions much more cesium is adsorbed in excess of the equivalent amount than is the case 
in aqueous solutions [13]. In N-methylformamide the adsorbance of Rb* ions on mercury is intermediate between 
that of K* and Cs* fons resembling more the former. In the series Kt — Na* — Li*, the capacitance rises slightly at 
potentials below —1.2 v and slightly declines in the region of the maximum (Fig. 1), This effect, which is not ob- 
served in aqueous [13,14] and alcoholic [4,5] solutions, requires further investigations, 


cm? 


15 V(n.c.e.) 


Fig. 1, The differential capacitance curves of 0,1N solutions of: 
1) KCl; 2) KBr; 3) KI; 4) RbCl; 5) CsCl; 6) NaCl; 7) LiCl in 
N-methylformamide at 25°C, 


When the solutions are diluted, the double layer becomes more diffuse and the capacitance near the n.p. de- 
creases (Fig, 2a), Yet in N-methylformamide the decline in capacitance is much smaller than it is in water at com- 
parable electrolyte concentrations, This is due to the fact that the capacitance of the dense layer (Cgs) in N-methyl- 
formamide is smaller than in water, while the capacitance of the diffusion layer (Cqj) is greater (because of higher 
dielectric constant), Hence, when Cds and Cqj are connected in series, the capacitance of the diffusion layer (which 


is a function of concentration) has much less effect on the total differential capacitance in N-methylformamide than 
it does in water, 


A distinct feature of the C-—¢ curves in N-methylformamide is the maximum (hump) at potentials between 
—0.95 and -1,05 v. The effect of temperature on the capacitance at the maximum of the C—¢ curve (see Fig, 3*) 
led us to the conclusion that the hump on the capacitance curves obtained in HCONHCHs is of the same nature as 


* We were unable to determine the capacitance at higher temperatures since at t> 50°, HCONHCHs begins to de- 
compose appreciably, 
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Fig. 2, Differential capacitance in N-methylformamide 
solutions at 25°C: a) KCl solutions: 1) 0,1N; 2) 0.03N; 
3) 0.01N; b) NaCl solutions: 1) 0,1N; 2) 0,1N NaCl + 
+ 1075N (CgHg),NBr. 


uF / cm* 


10 -15 V(n.c.e.) 


-05 
Fig. 3, The differential capacitance curves of 0,1N 

KCl in N-methylformamide at: 1) 0°; 2) 25°; 3) 50°, 


the corresponding hump in aqueous solutions, f.e., it is 
connected with a change in the orientation of solvent 
dipoles [15]. The fact that the capacitance has a much 
smaller temperature coefficient in N-methylformamide 
than it does in aqueous solutions (8, 15] may be attribut- 
ed to a stronger adsorption of HCONHCHs; dipoles on the 
surface of mercury, In support of this conclusion we can 
cite the low surface tension in N-methylformamide solu- 
tions (in 0,.1N KCl, 9 max = 382.0 dynes/ cm), and the 
capacitance data obtained for solutions of 0,.1N NaCl + 

+ 107° N [(CgHp),NJBr (Fig. 2b). In the latter case, as 
one can see in Fig, 2, the strongly adsorbed HCONHCHsg 
molecules interfere with the adsorption of (C4Hg),N* ions 
on mercury; as is well known [6,16], introduction of the 
tetrabutylammonium ion usually lowers the capacitance 
of a double layer to 4-5 yn F/ cm’, 


Since the lump on the C — ¢ curves for N-methyl- 
formamide solutions occurs in the region of negative 
surface charge, and also since the HCONHCHs molecules 
are strongly adsorbed to the mercury surface, we can ne- 
glect the effect of specific adsorption on the orientation 
of solvent dipoles [15] at potentials in the vicinity of the 
hump. Therefore, on the basis of the most recent ideas 
[7], we can assume that the hump on the C — ¢ curves 
in N-methylformamide solutions arises when the effect- 
ive dielectric constant of the adsorbed layer of 
HCONHCH; molecules attains a maximum, Though the 
minimum dielectric constant does not in this case coin- 
cide with the n.p., we can explain this fact by assuming 
that most of the HCONHCHs molecules are lined up 
with the negative end of the dipole toward the mercury 
surface, If the explanation is right, the hump on the 
C — ¢ curve should be practically independent of the 
nature of the electrolyte, which is consistent with the 
experimental data shown in Fig, 1. 


Small amounts of water have very little effect on 
the shape of the C— ¢ curve in N-methylformamide, 
As the water concentration is increased, the adsorbed 
layer of HCONHCHs molecules is disturbed and the 
hump on the C — ¢ curves declines (as when the temp- 
erature is raised); at the same time, the capacitance at 
more negative potentials increases due to the adsorption 
of hydrated cations and the accompanying decrease in 
the width of the double layer [4] (Fig. 4), On the other 
hand, N-methylformamide is so strongly adsorbed on 
mercury that even minute amounts of it in water will 
disrupt the adsorbed water dipoles, with the result that 
the hump on the C — ¢ curves disappears entirely, as in 
the case of elevated temperatures [8, 15]. 
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Fig, 4. Differential capacitance curves of 0,1N KCI solutions in aqueous 
N-methylformamide at 25°, The N-methylformamide concentration (in 


mole%): 1) 0; 2) 3,3; 3) 11.6; 4) 31.4; 5) 100, 


We wish to express our deep gratitude to Academician A, N. Frumkin for his undivided attention to our work 


and discussion of experimental results, 
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Solutions of lyophilic colloids do not have a detergent action or marked surface activity, but they have found 
wide application as active additives, which increase the effectiveness of detergents, drilling fluids, emulsifiers, and 
flotation agents [1-6]. The mechanism of the action of lyophilic 
colloids on the micellar structures of surface active materials {s 
still insufficiently understood, It is believed that lyophilic col- 


5 ini loids on adsorption from solution onto a surface impart to it a nega- 
= ] 06 tive charge and prevent the settling of impurities from the bulk of 
u “ the detergent solution onto the washed surface [7], According to 
2a other ideas, carboxymethylcellulose and its solutions in water are 
= 2 
QE not adsorbed onto the washed surface but onto the impurity particles 
9% 06 [4]. By this, protective layers of lyophilic colloid molecules are 
‘S a. formed on their surface, Because of this, the impurity particles 
Js <= cannot adhere to each other and settle on the washed surface, Up 
E245 
<é& till now the ideas indicated have not been experimentally con- 
Amt, of added colloid to firmed. 
weight of soap 
Fig. 1. Effect of the addition of (1) gelatine, We have shown that the critical concentration for micell 


(2) casein, (3) starch, on the solubilization of formation and the solubilizing capacity are specific properties of 
detergents [8,9], and the relative effectiveness of different surface 
active agents can be objectively evaluated according to these 
values, Any addition which changes the critical concentration for 
micell formation and the solubilizing capacity also changes the practically important properties of the detergent 
solution, The positive effect of addition of lyophilic colloids on the detergent action and other properties of deterg- 
ents consists apparently in the fact that they displace the degree of their colloidal character to an optimal region, 


toluene in 0,3M potassium laurate solutions, 


In the present work the results of investigations of the effect of carboxymethylcellulose, gelatine, casein, 
saponin, starch, lecithin, and sodium humate on the solubilizing capacity of a 0.3M solution of potassium laurate 
and of sodium naphthenates are presented, Determination of the change in solubilization of hydrocarbons in soap 
solutions on addition of increasing amounts of lyophilic colloids was carried out by the volume method described 
earlier [10], The results of the investigations are given in Figs, 1, 2, 3, and 4, From the experimental results it is 
seen that additions of gelatine, casein, or starch have different effects on the solubilizing capacity of the soap solu- 
tions, Additions of amounts of soluble starch up to 35% of the weight of potassium laurate showed no significant ef- 
fect on the solubilization of toluene, An increase in solubilization of toluene in a 0,3M solution of potassium laur- 
ate was observed for casein and gelatine, gelatine addition being the more effective (Fig. 1), Increasing additions 
of saponin, carboxymethylcellulose (sodium salt), sodium humate, and lecithin showed a still greater effect on the 
solubilizing capacity of potassium laurate solutions (Fig. 2), Lecithin and sodium humate enhanced the solubilizing 
capacity of the soap solutions more sharply in comparison with carboxymethylcellulose, Saponin, gelatin, and cas- 
ein were less effective than carboxymethylcellulose (Figs, 1 and 2), The lyophilic colloids investigated with respect 
to their effect on the solubilizing capacity of 0,3M potassium laurate solutions can be arranged in the decreasing 
series: lecithin > sodium humate > carboxymethylcellulose > saponin = gelatine > casein > starch, 
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Fig. 2, Effect of the additions of 1) lecithin; 

2) sodium humate (chlorinated); 3) sodium 

humate; 4) carboxymethylcellulose (sodium 

salt); and 5) saponin, on the solubilization of 

toluene in 0,3M potassium laurate solutions, 
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Amt, of added colloid 
to weight of soap. 


Fig. 4, Effect of the addition of: 1) sodium 
humate; 2) carboxymethylcellulose (sodium 
salt); 3) gelatine; 4) starch, on the solu- 
bilization of toluene in 0,3M solutions of 
sodium naphthenate (mol, wt, 242), 


/1 mole of soap 


Amt. of solubilized Toluene in moles 


10 2n 30 40 % 
Amt, of Carboxymethyl-cellulose to 
weight of soap 
Fig. 3, Effect of the addition of carboxymethyl- 
cellulose on the solubilization of toluene in 
0.3M solutions of 1) sodium naphthenate (mol. 
wt, 270); 2) sodium naphthenate (mol, wt, 242), 


Carboxymethylcellulose had the effect of increasing the solu- 
bilization of toluene in 0.3M sodium naphthenate solutions, The 
solubilizing capacity of a solution of sodium naphthenate of higher 
molecular weight was more sharply increased for the same additions 
of carboxymethylcellulose than a lower molecular weight homolog 
(Fig. 3), Thus, for example, by additions of carboxymethylcellu- 
lose 25% by weight of the sodium naphthenates with molecular 
weight of 242 or 270, solubilization of toluene was increased 1,3 
and 1,7 times, respectively, Comparative results for the increase 
in the solubilizing capacity of sodium naphthenate solutions (mol. 
wt, 242) through addition of certain lyophilic colloids are given in 
Fig. 4. 


Additions of soluble starch had practically no effect on the 
solubilization of toluene in sodium naphthenate solutions or in the 
case of potassium laurate (Figs, 1, 4), Gelatine was less effective 
than carboxymethylcellulose, Sodium humate prepared from lig- 
nite of the Alexandrian layer by the method described previously 
[11] was found to be a more effective intensifier of hydrocarbon 
solubilization than carboxymethylcellulose, The lyophilic colloids 
studied can be arranged as a series according to their effect in in- 
creasing the solubilization of toluene in 0,3M sodium naphthenate 
solutions: sodium humate > carboxymethylcellulose > gelatine > 
> starch, The lyophilic colloids at the experimental temperature 
(around 60°) had practically no solubilizing capacity, 


On the basis of the experimental data obtained, and of earli- 
er studies [8,9], it can be concluded that lyophilic colloids are ad- 


sorbed on the soap micellar structures and by joint association with the detergent forms compound micelles, The 
solubilizing capacity of the compound micellar structures is higher than that of micelles, In addition, lyophilic 
colloids and detergents, in peptizing hydrocarbons to a colloidal degree of dispersion, form on their surface protect- 
ive layers of negatively charged, hydrophilic groups which face into the aqueous phase, Such particles with a pro- 
tective layer acquire lyophilic properties, similar to detergent micelles, containing solubilized hydrocarbon and they 
can be designated pseudomicelles, The impurities are held in the volume of the detergent solutions because of the 
colloidal structure, which is one of the factors increasing their effectiveness, 
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Such compound micelles possess more oleophilic properties which approximate to the micellar structures 
formed by soap homologs with more developed hydrocarbon radicals, In the present work it was shown that by means 
of carboxymethylcellulose and other lyophilic colloids it is possible to regulate the degree of colloidal character of 
detergent solutions and their practically important properties, 
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The surface of aluminum oxide and, in particular, of the catalytically active y-form is hydrated, The degree 
of hydration of the surface determines to a considerable extent its adsorptive and, apparently, its catalytic properties, 
In an earlier paper [1] the content of structural water in aluminum oxide samples, subjected to thermal treatment 
over a wide temperature range was determined, and the heats of wetting these samples with water were also deter- 
mined, The results obtained permitted division of the total quantity of structural water into water belonging to the 
volume and to the surface hydrates of the alumina, It is of interest to calculate the degree of surface hydration for 
the different modifications of Al,O, based on the crystallography of the volume phases, and to compare the calcu- 
lated results with experiment, 


Although crystallographic calculations for the surface of silica have been made by many authors [2-5], they 
have not been carried out for aluminum oxide, In the present communication we will consider the surface of hydrar- 


gillite (Al,O, * 3H,O), corundum (a@-A1,O3), and y-Al,O3. The structures of the volume phases of these modifications 
are described in [6-8]. 


The simplest calculation of the hydroxyl concentration on the surface of hydrargillite is for the ideal cleavage 
plane (001), where each hydroxyl ion is bound to two Al fons, and each Al ion is bound to three hydroxyls lying 
above and to three lying below, 


\ FIN DON 
Al (1) 


On the unit cell area, ay + by are 6 hydroxyls which amounts to 11.4 «moles /m? of H,O, Formation of the (100) plane 
is accompanied by breaking of the coordination bonds* of Al—OH and disturbance of the normal octahedral coordina- 
tion of Al: 


During this conditions are established in which a proton is associated with two anions, The degree of hydration 
of such a surface is approximately 10,2  moles/ m? of H,0. 


The hydrated surface of corundum is analogous in structure to a layer of hydrargillite (scheme 1), On the 


*Each coordination bond in the aluminum oxide structures (except the y-form) has a valency of 4, We have used 


the idea of a fractional valency as a convenient working terminology, It is analogous to the “strength” of a coordina- 
tion bond introduced by Pauling, 


HO +5 Ww 
—AI— 
By contact of such a surface with water (hydration) normal coordination is restored : 
= 
697 a 
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hexagonal unit cell area (a) = 4,76) are three anions, which corresponds to a degree of hydration of the surface (0001) 


equal to 12,7 umoles/m? of H,O, The processes of thermal dehydration and rehydration can be represented by the 
scheme: 


Ol dH. 


FINO NG + H,0 (3) 


The dehydrated condition of the surface is stabilized analogously to scheme (2) by a decrease in the coordination 
number of part of the Al atoms to 4 and part to 5, 


On passing to the cubic modification of aluminum oxide (y-Al,Og) it must be noted that its structure is a de- 
fect spinel, The defectiveness of the structure is inferred from the fact that in a number of known tetrahedral inter- 
stitial close packings of oxygen ions there are located trivalent aluminum ions instead of divalent cations, as in the 
case of ordinary spinel, In a number of others the interstitial cations are absent, f,e,, there is a local excess or a 
shortage of cations in the crystal structure, The surface of a break in the structure (according to the plane of the 
octahedron) will contain the following centers: 


+35 fe) 3 


Mutual linking of the broken bonds disturbs the coordination of the aluminum atoms, but does not lead to com- 
plete saturation of the valencies, On the surface, as in the volume, local defects are partly preserved. In the proc- 
ess of hydration of the surface, formation of the following groups can be expected: 


Al Al Al Al A 


Mutual compensation of defects of opposite sign (c,d,e,f) in neighboring groups is only partially possible, It 
may also be assumed that hydration of the surface is accompanied by the introduction of hydrogen (H,) into the 
tetrad interstices under the surface layer of anions,* where by virtue of the defect spinel structure of y-Al,O3 there 


is a local deficiency of cations, In this way a considerable part of the surface defects is removed, but the stoichiom- 
etry is upset, 


Assuming that these two variants of the hydration could combine, we obtain the following results for the com- 
position of the surface: 


1, “Buried” hydrogen (H) 1,0 umoles/ m? 
2, Isolated hydroxyls (a) 7.7 umoles/ 
3, Protons bound equally with two anions 

[in (b) groups] 3.1 ymoles/ m? 


4, Protons bound *4 with one anion and *% 
with another or still more complexly. 
Protons in groups with incomplete satura- 
tion of the valencies, Hydroxyls bound 
not only with Al atoms, but also with 


“buried” hydrogen 11.7 umoles/ m?* 


By complete dehydration, 11,7 umoles/ m? of water and 0,5 umoles/ m? of hydrogen (Hg) can be removed from unit 
surface area, If on the surface (001) of the corundum each hydroxyl is bound with two underlying aluminum atoms, 
then on the hydrated surface of y-Al,O, an appreciable part of the anions is bound with the volume by one bond 

(scheme), Such anions will be broken off from the surface in the first instance, The dehydration—rehydration proc- 
ess can proceed, for example, according to the following scheme:* * 


* This hydrogen can be termed “buried.” 


* *Reaction of the dehydrated surface with alcohol molecules can apparently be represented by an analogous scheme 
with formation not only of OH groups but also OR groups, where R is the corresponding radical, 
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(4) 


The defect surface structures and the variation of its composition in the dehydrated and hydrated states, as 
well as the possible presence of superstoichiometric hydrogen could probably be connected with the known catalytic 
properties of y-Al,O, (for example in hydrogenation [9]). The defects, apparently can move ("creep") to the surface 
within the limits of small regions, i,e,, they can be localized on different atoms of the surface, On adsorbing a 
molecule, the surface of the y-Al,O; can, as it were, “adjust” to its size by changing the distance between two of 
its own defects of opposite sign, Development of similar ideas is of interest from the point of view of the multiplet 
theory of catalysis, 


TABLE 1, Phase Composition, Degree of Hydration of Surface, Heats of Wetting, and Irreversible Adsorption for 
Aluminum Oxide Samples* 


Number | Tempera- | Phase composition Heat of wetting | Degree of hydration of|Calculated | Irreversible 
ture of of surface layer erg/cm? surface of samples, _| values of adsorption 
calcina- moles H,O/1 m? degree of | of ethanol 
tion, °C water jethanol | calcinedjrehydrated |hydration 

1 200% * 342 9.4 11,7 
2 300 Distorted y-form 384 330 1,75 3.0 
3 400 The same 420 6,32 
4 500 The same 495 407 4.8 9.35 3,1 
5 600 The same 520 4,43 9.7 
6 100*** Intermediate phases} 590 500 4,3 
and corundum 
1 900 Corundum 670 555 1,4 11,1 12,7 3.6 


* Data for degree of hydration heat of wetting with water and phase composition of the samples taken from [1]. 
* *Beginning at 200° the samples did not contain a hydrate, 
* * Beginning at around 700° a recrystallization occurs in the surface layer, with formation of corundum [1]. 


On passing to a comparison with experiment, it is necessary to stress that the crystallographic calculations 
made have a valuable character, The real surface of the solid can be distinguished from the ideal profile [10]. In 
Table 1 are given the experimental data for the degree of hydration of the surface of the aluminum oxide samples 
and heats of wetting with water [1], as well as the irreversible adsorption and heats of wetting with ethanol. 


The maximum values for the degree of hydration of the surface of corundum and of the y-form found from 
experiment agree satisfactorily with the theoretical estimates, This shows that, in the previous paper [1], the divi- 
sion of water entering into the composition of the volume hydrates and surface water was rightly made, The results 
from rehydration of the calcined samples confirm that the processes described in schemes (3) and (4) are completely 
reversible, 


The heat of wetting of aluminum oxide with water increases according to the dehydration of the surface, Con- 
sequently, the energy of rehydration prevails over the energy of reaction of a water molecule with the hydrated sur- 
face, The heat of wetting of corundum by water is greater than that for the y-form at approximately equal values 
for the degree of hydration, This agrees with our assumption that the surface hydroxyls on corundum are bound with 
the volume more firmly than on the surface of the y-Al,Os. In [11] such an increase in the heat of wetting with 
water with rise in temperature of treatment and with decrease in the water content in the aluminum oxide samples 
is found, 


The irreversible adsorption of ethanol vapor increases according to the dehydration of the Al,Os surface, Prob- 
ably the alcohol molecules react not only with the surface hydroxyls [12] but also with the dehydrated regions by 
schemes analogous to (3) and (4), The energy of reaction of alcohol with the dehydrated regions is greater than for 
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the hydrated regions since the heat of wetting of aluminum oxide with alcohol, as in the case of water, increases 
with decrease in the degree of hydration of the surface, 


The author thanks Academician N. V. Belov for his interest in the work, and also V. F, Kiselev and K, G, 


Krasil'nikov for help and discussion of the results, 
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The degenerate branching reactions observed in 
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Fig. 1, Rate curves for decomposition of methyl 
ethylketone and accumulation of reaction prod- 
ucts at t = 145°, 50 atm pressure, and a 20 liters 
per hr rate of air flow: 1) decomposition of 
methylethylketone; 1') semilog plot of curve 1; 
2) accumulation of acetic acid; 3) CO,; 4) CO; 
5) ethylacetate; 6) diacetyl; 7) ketohydroperox- 
ide (right-hand scale); 8) ethanol (right-hand 
scale), 


tion of methylethylketone follows first-order kinetics, 
tians at high initial concentrations of active centers, 


or in the rate expression is abnormally small, k = 5,2 


THE MECHANISM OF CHAIN BRANCHING IN THE 
LIQUID PHASE OXIDATION OF METHYLETHYLKETONE 


G. I.. Zaikov, Z. K. Maizus, and Corr. Member 


ences of the USSR 
, Vol. 140, No. 2, 


the liquid-phase oxidation of hydrocarbons are currently at- 


tributed to the accumulation of peroxides, which readily break up into radicals, Recently it has been experimentally 
demonstrated that hydroperoxides are indeed the products primarily responsible for chain branching [1]. By the use 
of inhibitors, the branching rate at various stages of n-decane oxidation was determined, and a linear relationship 


was established between the branching rate and hydroperoxide 
concentration, Yet hydroperoxides are not always the sole 
branching agents in the liquid-phase oxidation of hydrocarbons, 
For example, it has been shown that when cyclohexane is oxi- 
dized in steel vessels in addition to the radicals formed by the 
decomposition of cyclohexyl hydroperoxides, cyclohexanone is 
also involved in promoting chain branching [2]. 


In the present work, by studying the liquid-phase oxida- 
tion of methylethylketone we proved that degenerate chain 
branching proceeds through the decomposition into radicals of 
two active intermediates: ketohydroperoxide and diacetyl, This 
result is also of great importance in connection with the liquid- 
phase oxidation of low-molecular-weight hydrocarbons, since 
methylethylketone is an intermediate product in the combust- 
ion of n-butane [3]. 


The literature dealing with liquid-phase oxidation con- 
tains practically no data on the oxidation of methylethylket- 
one by molecular oxygen. Work has been done on its oxidation 
by trifluoroacetic acid [4], oxides of manganese [5], chromic 
acid [6], etc. We investigated the oxidation of methylethyl- 
ketone in the liquid phase by using air oxygen at a pressure of 
50 atm at temperatures between 100 and 145° in an autoclave- 
like apparatus [7]. The oxidation products (acetic acid, ethyl- 
acetate, diacetyl, ethanol, peroxides, CO, and CO.) were ana- 
lyzed by ordinary chemical methods as well as by means of a 
specially developed technique involving paper chromatography 
[8-10]. 


The general shape of the rate curve for the decomposi- 
tion of methylethylketone (Fig. 1), and the fact that a semilog 
plot transforms it into a straight line, indicate that the oxida- 

Of course, we are dealing with a complex process which only 


imitates a kinetically simple reaction; this type of behavior has frequently been observed in branching chain reac- 


That this is indeed the case can be deduced from the fact that 


(as we have shown in this work), the oxidation of methylethylketone is a chain reaction, and that the frequency fact- 


10 exp(-11,200/ RT)sec™!, 
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Fig, 2, Rate curves for oxidation of methylethyl- 
ketone at t = 145° and 50 atm pressure: 1) in ab- 
sence of inhibitor; 2) when 1,59 + 107* moles per 
liter a -naphthol are added to initial methylethyl- 
ketone; 3) and 4) when 9.54 - 107° moles/ liter of 
a-naphthol are added; 2"), 3°), and 4°) correspond- 
ing curves for rate of inhibitor consumption during 
induction period in oxidation of methylethylketone, 


mole% 
0K, moles/liter* min 


Fig. 3, Rate curves for oxidation of methylethyl- 

ketone in presence of a-naphthol at t = 145° and 

p = 50 atm, The times at which the inhibitor was 
introduced are marked by arrows: 1) in absence of 
a-naphthol; 2) 3,1 moles/ liter of a-naph- 
thol; 4) 5.2 10°? moles/ liter of a-naphthol, A- 
The rate curve for chain initiation during reaction, 
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Fig. 4. Chain initiation rate in oxidation of methyl- 
ethylketone as a function of combined concentra- 
tion of ketohydroperoxide and diacetyl at t = 145°, 
p = 50 atm, 
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To prove that we are dealing with a chain reaction, 
we added to the methylethylketone some a-naphthol,which 
is known to be a strong oxidation inhibitor, In the presence 
of a-naphthol one observes a long induction period, the 
length of which increases with increasing inhibitor concen- 
tration (Fig. 2). 


From the rate at which the inhibitor is used up during 
the induction period, one can determine the rate of chain 
initiation during the oxidation of methylethylketone, wo = 
= 1,5 10°® moles/ liter + sec at 145°. This figure exceeds 
considerably the corresponding wg in similar oxidation re- 
actions in acetone and cyclohexanol [11,12]. Once the 
oxidation is in full swing, the chain initiation rate increases 
over the initial wy due to degenerate branching, The initi- 
ation rate in the course of the reaction was determined by 
measuring the rate at which the inhibitor, when added to 
the reaction mixture at various time intervals, after the 
oxidation has begun, is used up. 


Figure 3 shows that the oxidation of methylethylket- 
one proceeds solely by a chain route, since, as soon as the 
inhibitor is added, the decomposition of the compound 
comes to a complete stop. 


The relative increase in the initiation rate once the 
reaction is in progress is small. Thus, over a segment of 
the rate curve from 0,5 to 5 hrs, the initiation rate increased 
by only a factor of two, This apparently explains why the 
chain reaction obeys simple kinetics, As a matter of fact, 
from an equation representing hydrocarbon oxidation rate 
as a function of the initiation rate [13], one can derive an 
expression for the oxidation of methylethylketone in the 
form shown below: 
on 
Vis 
While the initiation rate is double in the course of 
the reaction, w* increases only by a factor of 1.3, which 
makes the reaction rate almost linearly dependent on the 
methylethylketone concentration or, in other words, we get 
an apparent first-order reaction, 


w 


[RCOR,] 


Only at the beginning of the reaction proper does the 
chain branching rate increase in direct proportion to the 
concentration of the accumulated ketohydroperoxide, After 
that the over-all rate of radical formation (determined 
from the rate at which the inhibitor is consumed) exceeds 
by a large margin the value expected for a simple decom- 
position of ketohydroperoxide into free radicals, This would 
indicate that in addition to ketohydroperoxides other inter- 
mediates also participate in the chain branching in the 
oxidation of methylethyiketone, 


The other participating product could reasonably be 
diacetyl, since it is present in large concentrations among 
the reaction products and can readily break up into two 
free radicals [14]. In fact, whenever small amounts of di- 
acetyl are added to methylethylketone in the course of its 
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oxidation the rate of chain branching increases right away. In order to get a quantitative picture of the chain branch- 
ing processes we determined the rate of branching as a function of the combined concentration of both branching prod- 
ucts, ketohydroperoxide and diacetyl, 


The rate of chain initiation at any instant during the reaction can be expressed by the equation 


where [D] and [P] are the concentrations of diacetyl and ketohydroperoxide, respectively, ky and k, are the respect- 
ive specific decomposition rates of the two compounds, Should we introduce into the reaction mixture at that in- 
stant an additional amount of diacetyl, we will have to modify Eq, (1) as shown below: 


We = ky + ke = + (2) 


Dividing Eq. (1) by Eq. (2), we get 

[Dh + 
k . 

[DJs + [Ph 


We can readily evaluate k,/ ky since all the other parameters can be determined experimentally, Substituting 
the value of k/ ky into Eq. (1) we get an expression in which the rate of chain branching is given as a function of 
the over-all concentration of the two branching products (Fig. 4). The fact that this function is linear clearly indi- 
cates that no products other than ketohydroperoxide and diacetyl participate in chain branching, The slope of the 
line in Fig, 4 yields ky = 1.0 + 10°® sec™ for the specific rate of decomposition of diacetyl into radicals at 145°C, 


W 


Experiments in which the decomposition of pure diacetyl, which we synthesized for that specific purpose, was 
examined yielded a similar value for ky and the expression k, = 2.9 ° 108 exp (-35,400/RT) sec * for the temperature 
dependence of the specific rate, The fact that the frequency factor has a value one would expect for a true mono- 
molecular reaction supports the postulated reaction mechanism in which chain branching is promoted by the break 
of diacetyl molecules into two radicals, 


From ky and kp/ ky we can also determine the specific decomposition rate of the hydroperoxide of methylethyl- 
ketone into radicals, kp = 1.4+ 10sec™*, Since kp exceeds ky by one order of magnitude, under the same experi- 
mental conditions, one would expect the ketohydroperoxide to play a predominant role in promoting chain branching. 
However, it turns out that the difference in rate constants is compensated by the relatively greater amount of di- 
acetyl formed in the reaction, 


The ratio w/ Wpranch» Which yields the chain length, rapidly decreases during the oxidation of methyethyl- 
ketone from 360 at the beginning to 12 toward the end of the reaction, 
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The value of the acoustic impedance of a burning surface serves as an extreme case in the problem of the sta- 
bility of natural oscillation in theories of resonance combustion [1-3] and,to a considerable extent, determines the 
possibility of stable burning conditions, But the experimental difficulties do 
Pes, not permit this value to be measured by standard acoustic methods, At the 


phas same time, expressions for impedance obtained from theories of combustion 
4 


Z Ap [4,5] are rather arbitrary due to the different methods used for the combustion 

bs Products ' process, Comparison of theory with experimental results obtained by other in- 
25 2 vestigators [1-3] is difficult, since, in their work, combustion was considered 
Fig. 1. as taking place in a space having a complex geometry and the conditions at 


its outlet, to a significant degree, were arbitrary, This prevents the same ex- 


pression from being derived for the acoustic impedance of a burning surface, 
These difficulties may be avoided if a unidimensional model is examined in which the instability can arise only in 


longitudinal acoustic directions (Fig. 1), The stability of combustion was considered from the point of view of main- 
taining the gas balance, by Andreev and Belyaev [6,7]. This kind of acoustic instability observed in the burning of 
condensed systems in a tube, for example, is known as pyrotechnic whistles [13], This phenomenon occurs when cer- 
tain compositions are burned in a tube; for example, a mixture of 30% potassium benzoate and 70% potassium perch- 
lorate generate a sound with a frequency approximately equal to the fundamental tone of the tube, Raushenbakh in- 
vestigated the stability of a system analogous to that in question, in the case of the burning of gases [8]. His work 
also showed that by studying this type of system the way was opened to investigate nonstationary parameters of com- 
bustion, In the case of the burning of condensed systems, complicating circumstances such as the curving of the 


combustion front are removed, Instability in a similar type of system leads to the autooscillation process, the fre- 
quency of which is the natural frequency of the system [9,10], 


As a linear approximation the question of burning stability of a condensed system in a tube may be formulated 
as the acoustic problem of natural oscillations in a tube closed by the impedances Z» and Z;. In addition, it is as- 
sumed that the burning velocity is small, so that the variation of the tube length due to the change of position of 


combustion in the time during which the oscillations are set up may be neglected, The natural frequencies of these 
types of systems are determined from the following equation [11]: 


(1) 


where k = w/c is the wave vector; Z» is the impedance of the burning surface; Zy is the impedance of the open end 
of the tube, 


The roots of Eq, (1) are generally complex, w = a +i8. If 8 < 0, then the amplitude of the natural frequency 
will increase with time, The value 6 = 0 corresponds to neutral oscillations and determines the range of stability of 
the system, The condition of autoexcitation of the system, from Eq, (1), may be written in the form 


> 1; (2) 


where fp = |Rol, Ro = rerio is the coefficient of reflection of the burning surface; rz = IRyl , Rj = ela is the co- 
efficient of reflection of the open end of the tube, Condition (2) has a simple physical measuring: a decrease in 
the amplitude of the wave at the open end of the tube due to radiation in the presence of instability must be 
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superimposed by an increase in the amplitude of the wave with reflection from the burning surface, At the limit of 
stability the equality ry = 1 applies. If the impedances Z» and Z; are known then, by using equations (1) it is pos- 
sible to find the values W ,, and cy corresponding to the limit of stability. On the other hand, if the system has a 
region of instability then, by using the experimental values of the frequency of oscillation w;,; and the tube length 
I cr corresponding to it, it is possible, with the help of Eq. (1), to determine the impedance of the burning surface 
Zp (Wer) = Xo (cr) + 1 (Wer); for this purpose it is also necessary to know the value Z7. The impedance of the open 
end of a cylindrical tube Zz has been found by Gutin [12], With ka<< 1 it equals Zz = k*a’/4+i+ 2ka/n. 


It is necessary to note that the possibility of using this expression for the acoustic impedance of an open end of 
the tube [12] is restricted by a number of factors, such as the presence of the flow of gas in the tube; the existence 
of a contact explosion separating the jet of gases flowing from the tube from the surrounding gas, the nonisentropic- 
ity of the flow, Usually the effect of these factors is small and, to a first approximation, may be neglected, 


By varying the radius of the tube so that the criterion which ensures that only longitudinal acoustic modes are 
present in the system, and by fixing the values w¢, and / cr for each value of the radius, it is possible to determine 
the relation between the frequency and the impedance of the burning surface Z9(w), It is usually considered that the 
frequency of autooscillation in similar systems is the natural frequency of the system [9,10]. This indicates that even 
at a great distance from the stability limit the relation 259 + 26, ~— 2kl = 2mn, remains applicable, If it is assumed 
that 5, does not depend on 8, this relation will determine the frequency relation 6 9(a), 


If the acoustic impedance of the burning surface does not depend on frequency, and fp) > 1, then the qualitativ 
representation for the development of combustion is as follows: while the length of the tube is less than! ¢,, burn- 
ing is stable; as the condensed phase burns, the natural frequency of the system falls and finally reaches the value 


Commencing from this instant of time, the process is unstable and the system will produce sonic oscillations, The 
case is somewhat different if the frequency relation Z9(w) has the form predicted by theory developed by Hart and 
McClure [4]. In this case, both upper and lower limits of unstable frequencies must exist so that the region of in- 
stability occupies a certain band of frequencies, In addition, it is possible to have the case when the region of in- 


stability is completely abseut, despite the fact that for sufficiently large values of w the coefficient of reflection 
t9(w) > 1, 
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Questions in the dynamics of nonstationary chemical and physicochemical processes (for example sorption and 
ion exchange) are assuming more and more practical importance, However, because of the mathematical difficul- 
ties involved, they have not been satisfactorily treated, The present paper will consider a method of solving the 


problem of the dynamics of a nonstationary physicochemical process in which the reaction rate is subject to a bi- 
molecular law, 


Let a sorbable substance be flowing through a tube (the axis of which we shall take as the axis of coordinates 
designated by the letter J ) filled with a sorbent at constant temperature, Let C(I ,t) be the concentration of the sub- 
stance in question occurring in the pores of the sorbent at a distance 1 from the first sorbent layer. The function 
y (I ,t) gives the quantity of substance being sorbed by unit volume of sorbent at the instant of time t, It is assumed 
that the sorbent fills the entire volume of the tube, Let the substance move in the sorbent with a constant linear 
velocity u large enough that longitudinal diffusion may be neglected, 


If the concentration is calculated as the quantity of substance pet unit sorbent-free volume, the material bal- 
ance equation must employ two cross sections: Pp, the total cross section of the tube, and p* = k Pp, the sorbent-free 
cross section, We shall consider the sorbent volume between the distances I , and 1 » over the time interval from ty 
to tz, The material balance equation may be written in the following form: 


[(uC):, — (uC)i,] xp At = [(y + *C)1, — (y + pAl. (1) 
After division by AZ At and passing to the remnant at Al > 0, the equation takes the form 


—ux0C/dl = dy/dt + xdC/dat. (2) 


The quantity ux is equal to the linear rate of flow of the substance in the sorbent. We are considering processes,the 
kinetics of which are subject to the equation 


dy/dt = kCz,wherez = Yo — y; (3) 


and yp is the equilibrium quantity of substance sorbed per unit volume of sorbent, From the expression z = yg — y it 
follows that 


dyldt = —dz/dt. 


(4) 


In many cases the sorption of gases and vapors by porous sorbents [1] follows Eq, (3), as well as ion exchange 
at low electrolyte concentrations [2]. 


Substituting Eq. (4) in Eq. (3), we find that 
dz/dt = —kcz. 
The initial and boundary conditions are found in the following way. It follows from experiment that 


CO, t) 
0) at  C(l,0)=Co a 


(6) 


zl, 0) =z =y a 


7 


where Cy is the concentration of substance being sorbed at the input to the tube, Expression (7), which gives one of 
the initial conditions, is a discontinuous function for!= 0, To simplify the integration of the system of Eqs. (2) and 
(5), this initial condition may be replaced by a continuous function of the form 


which, for a sufficiently large value of the arbitrary constant, will give a result which is close to experiment, * 
It follows from Eq, (5), after substituting Eq. (6), that 
dz(0,t)/dt = —kCo2(0, t), (10) 


from which, after integration in using Eq. (8), 


2(0, = (11) 


Equations (6), (11), (9), and (8) are the system of initial and boundary conditions needed to solve Eqs, (2) and 
(5), i.e., to find the concentration of substance in the volume and on the surface of the sorbent as a function of the 
coordinate 2 and the time t, 


It follows from Eq, (5) that 


4 
(12) 


Substituting Eqs, (12) and (4) and Eq, (2) we obtain 


“kot at Vz Ot 


(13) 


Differentiating, dividing by x, regrouping, and setting udz/01 + 0z/0t = w, we obtain 


Integrating Eq. (15), keeping? fixed, and substituting w, we obtain 


0 0 k 
ust 


where &(I) is some function of 1 . 


It follows from Eq, (16) that the differential equations of the process are 


= dt/\ = dz + 24 (17) 


from which 


where b = 7,0 ), and cy and c, are integration constants, 


The value of (1) may be found by substituting the value of z(0,t) in Eq, (16), i.e., 


*This function could be found from Eq. (2), since, according to Eqs, (4), (5), and (8), —ux dC (1, 0)/dl — kC (I, 0)zy 
+ x 0C (i, 0)/dl, but, according to Eq. (7), beyond the region of discontinuity of the function C (2 ,0), 9C(Z ,0) /Ot =0, 


After substituting this value into the preceding expression and integrating, we obtained C(I ,0) = C(Z ,0) = Cye at 


Consequently, in this case, a = kzp/Kku. This approach is not as good as the one that we have taken, since here the 
discontinuous function is neglected, 


py 
aw k , 
or k az 
(16) 
(18) 
(19) 
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Equation (8) gives 
dz (1, O)/0l = 0. 


It follows from Eq, (5) that 
dz (1, 0)/dt = —kC (1, 0) z (I, 0). 


Substituting Eqs, (9) and (8) in Eq, (22), we obtain 
dz (1, 0)/0t = — (23) 


Substituting Eqs, (23) and (21) in Eqs, (8) and (20) we find that 


Therefore, 


{2 
b= = — kuCoe ‘|. 


(25) 


Substituting Eqs, (25) and (18) in Eq. (19), we obtain 


= 


1 — 


We shall consider the solution for the region where 7 — ut s 0, Set t = tg at2 = 0, Then it follows from Eq, 
(11) that 


(0, to) = "Cote, (27) 


It follows from Eq. (18) that here 
j= —C,/u. 
(28) 


Substituting Eq. (28) in Eq. (27) we obtain 


2 (0, fr) = (29) 


Taking 2 = 0 andt = to, and substituting Eq. (29) in Eq. (26), we find 


1— C2 
Substituting the value of tg from Eq. (28) in Eq. (30) we find the value of the constant 


1 


xuCo + —1} (31) 


zoe! 


Substituting Eq. (31) and cy = 7 — ut in Eq, (26) we obtain 
2—xuC,e—a! 


xuCo 20 | ekColl/u—t) __ Z—xuC, 


em 


(32) 


which is the solution we are interested in, which holds for the region! — ut< 0, 


The solution for the region 1 — ut= 0 is found in the following way, Taking t = 0 and substituting Eq. (8) in 
Eq. (26) we obtain , 
—ac, 
bee: | 
20 


(33) 


(22) 
mee 
7108 


Substituting Eq. (33) and the value of the constant c, from Eq, (18) in Eq. (26) we find the solution for the re- 
gion 7 — ut 2 0: 


2e—xuC 
20 


= {z, — xuC e—™} f [ 


Er ye! (34) 


Going to the limit as a > © leads, as may be seen from Eqs, (32) and (34) to the desired function in the form 


Zo 


_ 1} + xuCo 2,—uC, 


for < 0; (35) 
t) = 20 foo /—ut>0. (36) 
The solution for 2 — ut< 0 must be used if the tube is sufficiently long. The solution given by Eqs, (32) and 


(34) satisfies both the initial and boundary conditions and the original differential equations, For practical calcula- 


tions we are interested in Eq, (35) for the region 2 — ut s 0, For the region 2 — ut = 0, the solution is trivial, as may 
be seen from Eq. (36), 


To find the distribution of concentration c (J ,t) of the substance being absorbed in the volume for any given 
values of t and , we must use Eq, (12), in which we must substitute the value of z and its derivative from Eqs, (32) 
and (34), For practical calculations we are interested only in the region 7 — ut < 0, for which we find 


k — 
C(l,t)= — + 20 — kuCa) AC 
me — xuCy + 29 
z,—xuC,e—a! 


(* 2—huC ) 


xe (37) 


Since, in accordance with condition (9), a must be very large, passing to the limit gives the final formula for 


the distribution of the concentration of the substance being sorbed along the tube under the condition that 1—ut=S 1: 


(ko ii kuC, )[kuCo A 2p BC 


20 


xuCy 1] 


(38) 


The solutions hold not only for sorption processes and ion exchange, but may be applied to chemical reactions 
between a solution or gas and a solvent under the condition that the reaction kinetics are subject to Eq, (3). 
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We have shown [2], on the basis of the theory of A. N, Frumkin [1], that the overpotential n of the process 


Ni (H,0)2+ 4 2e Ni (Hg)" — Ni (Hg) 


(1) 
I Il 


depends on the retardation of the electrochemical stage L 


Fig. 1. Oscillogram of 1M potassium Fig. 2, Oscillogram of 1M potassium 


nitrate + 0,1M pyridine + 2+ 10°°M thiocyanate + 2+ 10 *M nickel sulf- 
nickel sulfate, ate, 


In the case of complexes formed by the ion Ni(H,O)g with pyridine [3], rhodanides [4,5], and other addenda 
(X), it is the complex ion which undergoes electrolytic reduction: 


Ni pX~° -+ Ni (H:0),_,* +. Ni (Hg) + Ni (Hg). 
Ill IV Il 
From a previous work [6] it follows that the value of n is smaller, the greater the value of p: 
Ni < Ni (H;0),_, < Ni (H,0)*. 
We have also shown [3,4,6] that for low concentrations of X (pyridine, CNS”), the rate of stage III is compar- 


able with the rate of diffusion (the kinetic current), From the value for the rate constant of stage III found in [6], it 


follows that further combination of X occurs the more rapidly the more the water is displaced from the hydration 
sheath, 


(2) 


With increase in the concentration of X, the rate of process III becomes appreciably greater than the rate of 
diffusion and, owing to the appearance of an appreciable concentration of a larger complex which is reduced with 
an inconsiderable value of n, stage IV becomes reversible also [3,4,7,8]. 


At the same time, the following two facts indicate the presence of the reversible process II (more rapid than 
stage I), the disactivation of the amalgam in a similar way to the behavior of manganese [9]. 


In the first place, the values of the half-wave potential of the hydrated nickel ion Ni(H,0)'q , by extrapolation 
to zero X concentration, has different values in potassium thiocyanate, and in potassium nitrate + pyridine, In the 


second place, an oscillographic study* has shown the absence of an anode step (Figs. 1 and 2), The two upper steps 
in Fig. 1 arise through the capacity effect of the pyridine [10]. 


*Carried out with the participation of V. G, Ravdin, 
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TABLE 1, 


Pyridine + IMKNO,* 0.15 M KNOg + Imidazole + 
+ 0.05% Gelatin [8] 
Cpy, b* catcs|Cim> | b* 10°]-(¥4)s calcd CONS: calc 
mmole |mv mv mmole | mv mv mmole mv 

per liter per liter per liter 


12,7 780 7171 0.962 136 1,02 
27.3 184 167 1,032 136 1,30 
53,1 791 765 1,038 137 1,56 
99,1 804 167 1,129 137 1,81 
124.0 808 163 1,236 137 2,22 
363.0 845 7116 av, 737 3,11 
604,0 862 176 3,48 
av. 769 3,86 
4,20 
4.60 


*b is the slope of the straight line of Y against log i(ig — i). 


Evaluation of stage II gives: 
i = ka [Ni (Hg)*) + & [Ni (Hg)’). (3) 


On the basis of Eq. (3) for reversibility of stages III and IV and the stepwise complex formation [11], we obtain: 


RT Re 
Qe = oF In 


RT Cx Ck (4) 


: R k C C 
= (Po) Hg oF n +...- (5) 


RT 


= te — oF (6) 


ki +k,’ 
where k; is a quantity proportional to the rate constant of stage II; ks is the constant for the diffusion current of simple 


nickel ions; kg is the same for nickel atoms in the amalgam; kc is the same for complex nickel ions; Cx is the con- 
centration of the addend; Ky and K, are the instability constants (dissociation constants) of the complexes, 


Although stage II also takes place, we may obtain the Deford and Hume equation [11] from Eqs. (5) and (6): 


RT k, RT Cx Ck 7 


aaa to Eq. (4), the relationship between the half-wave potential ¢, and oe ; is a straight line with 


slope = 2, 3, which is also observed experimentally (cf. Table 1, in which the potential is et relative to the satu- 


rated » electrode), 


From the relationship between half-wave potential (?4)¢ and log Cpy up to a value of Cpy = 0.6 M [13], as 
well as from spectrophotometric data up to Cpy = 0.5 M [14], the formation of complexes with p = 1, 2, and 3 takes 
place, The curve for 3), against log Ccng- shows (Fig. 3) that complexes with p = 1, 2, 3, and 4 occur, while 
spectrophotometric measurements up to Ccng- = 0.5 M [15] reveals values of p = 1, 2, and 3 and for large values of 
Ccns-; Pp = 4 also. When the concentration of imidazole is greater than 1 M, polarographic potentiometric data 
(pH) [8] give a value of p = 6, 


D 711 38 647 = 
16 | - 643 = 
121 | - 642 
126 - 641 
7136 | 39 643 = 
146 36 639 
151 | - 640 
156 | 640 
761 | 39 641 ee 
166 | - 642 
av, 642 


loge, 


Fig. 3, Relationship between (¥4 Ye and 


log Cons-- 

TABLE 2, 

Solutions (Fy | 
mv mv 

Ni®* + Py 7169 + 4,0 176 

Ni?* + Im 1374 0.4 - 

+ CNS” | 642+ 2.0 693 


In conclusion we would like to express our deep thanks to Academician A, N, Frumkin for his valuable advice, 
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Thus, a comparison of the results as to the composition of the 
complexes confirms the applicability of Eqs. (4) to (7) (cf. [11,13,17]). 


Equation (7) also serves to confirm the constance of the calculated 
value of the half-wave potential for various values of Cx (Table 1). In 
these calculations, ko © k, and Ky, Kg, etc,, are taken from the spectro- 
photometric [14,15] and potentiometric (pH) [8] measurements, while 
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It can be seen from Table 2 that there fs good agreement between 
the values of (4 )¢ for potassium nitrate + pyridine and the found ex- 
trapolations [3], The difference between these quantities for potassium 
thiocyanate is to be explained by the less accurate values of the half- 
wave potential (?4), obtained by extrapolation, since the irreversibility 


of the process becomes more important the lower the thiocyanate ion 
concentration [4]. 


The deactivation of the amalgam may also be used to explain 
the difference between the calculated values of (74 ), in potassium ni- 
trate and pyridine, potassium nitrate and imidazole in the presence of 
gelatin, and potassium thiocyanate, since the nature and concentration 
of the addend undergoing adsorption on mercury would be expected to 
exert an influence on the value of ky [Eq. (6)]. The calculated value of 
(1), is displaced in a negative direction in the order thiocyanate — 
imidazole (gelatin) — pyridine; that is, in the same direction as increase 
in the retardation of the deactivation process, 


By analogy with [18], taking into account Eqs, (6) and(7), we may obtain 


k 
= 9° + Es + in Csatur. — int — in( + (8) 


+8 


where Kpig is the equilibrium constant of the process Ni(Hg)* = Ni(Hg). It is hardly possible to calculate the norm- 
al potential ¢® of nickel from (¥4)s, since the values of ky and KHg are unknown, Our calculations of 9° (3,4] in- 
cluded in these two final components, so that values were obtained which were different for different solutions, 
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In the present study, in order to establish the relation between the structure of the original molecule and that 
of the radical formed from it by y-rays, we have investigated the EPR spectra of irradiated acetylene, methylacetyl- 
ene, methyldeuteroacetylene, ethyl- and butylacetylene, and even phenyl- and methylphenylacetylene at 77°K, The 
yield of radicals was determined as a function of irradiation dose, 


The compounds studied were irradiated in ampoules made from a special glass which does not given an EPR 
spectrum at the applied doses of y-radiation, Before the experiment the ampoules were evacuated to 10-* mm Hg. 
We used the radiation of a Co™ source, The EPR spectra were recorded by means of a radiospectroscope of the super- 
heterodynic type, The magnetic field was calibrated by means of the EPR spectrum of the pyroxylamindisulfone ion 
[NO(SO;} ] ion in chloroform, We used a single crystal of cupric chloride (CuCl, + 2H,O) in order to determine the 
concentration of the radicals obtained, The relative error in the determination of the yield of radicals was about 
20%, the g factor was found by using DPPH as a standard, The acetylenes studied were prepared and purified by 
known methods and had constants agreeing with data in the literature, 


The results of the experimental investigations are given in Tables 1 and 2 and in Fig, 1. 


TABLE 1, Integral Dose of y-radiation ~ 10" rad 


i b Total width, 
Original Proposed radical er | Totalw 
(b.p., “C) of lines oe 


Hie — C= 6 jH,C===C===C — HI’ | 50,2+1,4 
HC—C=C=—D jH,C>==C==C — DI 97,5+1,4 


C,H, — C SC —H (8,5 {,)]H,C — CH===C==c—H|’ 8 6 
(8,5) Al | 54,8+1, 
H, — C =C — H (70,0 1. |CH, — CH,—CH,—CH=-C=CH|' 4 
Cy ( ) | 104,4+2,4 
3. C,H, 


CH,—C=c—H* 
C,H, == C —CH, (71—72) |C,H, — C=C — CH, 3 


HC = CH (—83,6)¢ 1. —C= CH— CH=CH—CH =CH—| 10 (12) 
2.6 =C—H 


H—C=:C-—H 
‘The indicated line widths refer to the first derivatives of the absorption curve, 

"It was difficult to determine the number of lines, obviously, because the spectrum 
of further deuterated methylacetylenes was superposed. 


Swe were unable to obtain a spectrum of phenylacetylene even at doses (1-40) 10° rad, 
4EPR spectrum obtained at a dose 1,5° 107 rad, 


: 
Prep. | 
No, 
3 
4 
6 34+1,1 
7 
| 
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Just as should be expected, the most simple EPR spectrum was obtained for irradiated methylacetylene, The 
spectrum comprises a symmetrical quadruplet of equidistant lines with intensity ratios 1:2, 1:2, 2:1, and resulting, 
obviously, from the interaction between an unpaired electron and three protons, 


The EPR spectrum of methyldeuteroacetylene (which was prepared by decomposing lithium methylacetylenide 


by means of heavy water) points to an interaction of an unpaired electron in the radical with the protons of the CH, 
group and the deuteron of CD, 


TABLE 2, Yield of Radicals as a Function of the y-Irradiation Dose 


1-10* tad, 10-10" rad, 12-40" rad, 20-40 rad, 40-10* rad, 
Prep,| Original 
mole e pro mole 

No. compound 1024 102! 102! 

1 jH,C—-C=C—H| 0,15 | 0,02 | 441 0,18 | 2,4 0,34 | 44 0,73 | 1,8 0,30 

2,4 0,42 0,23 | 0,04 

3h CSc. 63 0,08 | 1,6 0,26 | 2,2 0,35 | 2,9 0,48 | 2,5 0,41 

4 ic.H,—C=C—H 2,2 0,37 | 0,7 0,12 

3 |C,H, — C=C—CH,! 1,37 | 0,23 0,47 | 0,09 0,16 | 0,03 

6 |HC=CH 0,38" | 0,06 0,13 | 0,02 


TThe yield of radicals was determined at the dose 15° 108 rad, 
*The yield of radicals was determined at the dose 2+ 10° rad, 


On account of these data, the EPR spectrum of methylacetylene irradiated by y-rays may be ascribed to the 
(propynyl) radical having the structure (I): 


=: C? = (I) 


When carrying out a theoretical analysis of the EPR spectrum otf the propynyl radical, one gets a better fit to 
the experimental spectral curve, if it is taken into account that the hydrogen atoms at the carbon atoms c! and c® 
have a somewhat different influence, The “free” electron density near the hydrogen nuclei of the methylene group 
should be taken somewhat higher (by about 20%) than that of the methyl group. 


Data obtained by investigating the EPR spectrum of the radical formed by the action of ultraviolet light on 
methylacetylene at the temperature 77°K [1] are in agreement with the results of our study, From an energetical 
point of view, the formation of the-propynyl radical (I) from methylacetylene appears to be completely justified, In 
the radical (I) the unpaired electron has a high delocalization energy and for breaking the C—H bond in the mole- 
cule at the instant of radical formation a small amount of energy is required, 


When irradiated by y-rays, ethyl- and butylacetylene, which have longer hydrocarbon chains than does methyl- 
acetylene, give more complex EPR spectra: the latter are unsymmetric, the number of lines and the total spectral 
width are greater (Table 1), Obviously, by irradiating acetylene derivatives of the type R- CH,C=CH, where R = 
= CpHg, C3Hy, etc,, there are formed several radicals of the type R- CH— C-= CH, R and CH,— C = CH, Depend- 
ent on the irradiation dose, there are also found variations in the shape of the spectrum (the spectral width and the 
number of components varies), This may indicate that at 77°K secondary reactions take place, From Table 2 it 
follows that the yield of radicals at a given irradiation dose for methyl-, ethyl-, and butylacetylene is greater for a 
longer hydrocarbon chain, When the irradiation dose is raised from 1 10® to 40 + 10® rad, the yield of radicals also 
increases and attains a maximum at a dose of about 20+ 10° rad, and then begins to fall, 


Above it has been shown that in a propynyl radical the unpaired electron is delocalized owing to the triple 
bond, Therefore, it was of interest to investigate y-irradiated methylphenylacetylene, In this case somewhat unex- 
pected results were obtained, The EPR spectrum of y -irradiated methylphenylacetylene consists of a symmetrical 
triplet, The spectrum observed may be explained in two ways, The hyperfine structure of the EPR spectrum consist- 
ing of three lines originates from an interaction between the unpaired electron and the protons of the methylene 


group in a radical with the structure .. X= C—CHz or, alternatively, the methyl group of the original com- 


pound,which group primarily absorbs the energy of y-quanta, is preserved and the EPR spectrum belongs to the sub- 
stituted phenyl radical Ar- C = C— H, 
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It is known that the hyperfine structure of the EPR spectrum for a benzene ring is characterized by three com- 
ponents [2]. However, for irradiated benzene the total line width and that of the separate components in the EPR 
spectrum are considerably greater than those in the spectrum of » -irradiated (simultaneously with benzene) methyl- 
phenylacetylene, Moreover, the intensity of the EPR spectrum for y-irradiated benzene is much lower, and under 
the conditions where the spectrum of methylphenylacetylene is recorded, that of benzene does not come through, 
Therefore, we suppose that the hyperfine structure in the EPR spectrum of y-irradiated methylphenylacetylene re- 
sults from the interaction of the unpaired electron with the protons of the methylene group and the phenyl ring via 
the triple C = C bond weakly participates in the delocalization of the unpaired electron, This is also confirmed by 
the EPR spectrum of y-irradiated ethylacetylene, which contains five hyperfine structure components, 


Fig. 1. EPR spectra of y-irradiated acetylenes at T = 77°K: a) 
methylacetylene; b) methyldeuteroacetylene; c) ethylacetylene; 
d) butylacetylene; e) methylphenylacetylene; f) acetylene (a-d: 
integral dose 1 - 107 rad; e: 3+ 10° rad; f: 2> 107 rad), 


The EPR spectrum of y-irradiated acetylene (Fig, 1) is of particular interest, An intensive EPR spectrum is ob- 
served only at high irradiation doses (about 1,3 - 10” rad), which points to a considerable redistribution of the energy 
in the system, To a still greater extent this is apparent for phenylacetylene, which does not give an EPR spectrum 
even at high irradiation doses, The effective redistribution of the absorbed energy in such systems, obviously, is 
connected with the presence of complexes formed from the molecules, The EPR spectrum of y-irradiated acetylene 
is complicated (it contains approximately 12 lines) and upon raising the irradiation dose to 4 - 10? rad, the shape of 
the spectrum changes somewhat. The great number of hyperfine structure lines in the EPR spectrum of y-irradiated 
acetylene originates from the interaction of the unpaired electron with the various protons of the system, The ob- 
served EPR spectrum of y-irradiated acetylene may be explained in two ways: by the formation of polymer radicals 
(polyacetylene) -C = CH-CH=CH-CH=CH-— or, alternatively, by the existence of radical complexes of the type 


€=C—H 
H—C#=C—H 


H—C=C-—H 
In fact, in several experiments we have detected polymer films on the walls of the ampoules, The occurrence 
of complexes formed from acetylene molecules in the liquid phase is pointed out in [3,4], For acetylene the yield 
of radicals falls and the yield of polymer film rises, when the irradiation dose is raised, The g factor for the centers 


of the hyperfine structure lines in the EPR spectra of all compounds studied corresponds to the g factor of crystalline 
DPPH. 


The analysis of the EPR spectra recorded for the y-irradiated compounds indicates that there is a certain rela- 
tion between the structure of the original molecule and that of the radical originating from its dissociation by the 
action of irradiation, It has been found that, when frozen acetylene (T = 77°K) is treated with high doses of y-ir- 
radiation, a polymer is formed, Obviously, the polymerization proceeds via radicals and is accompanied by the 
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formation of complicated radicals or radical complexes, It is important to note that in the cases discussed the 


formation of a radical is connected with the rupture of a C—H bond in the methyl group of the original compound, 
which gives a more stable radical, 
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Curves showing the relationship between the differential capacity C and electrode potential ¢ in the presence 
of different singly and doubly charged anions have been studied in [1-4], and it has been shown that the peak on the 
C — ¥ curves at potentials more anodic than the electrocapil- 
lary zero (e.c,z,) depends to a considerable extent on the na- 
ture of the anion, It was considered of interest to study the in- 
fluence of the adsorption of the polyvalent anion Fe(CN¥ on 
the shape of the C — ¢ curve, 


uf/ 


For this purpose we used an impedance method, which 
has been described in [5], to measure the C — ¥ curves at a 
dropping mercury electrode in 1, 0,1, 0,01, and 0.001N solu- 
tions of KgFe(CN), at 25°, The data obtained are given in 
Fig. 1, The figure shows that for negative charges on the sur- 
face the shape of the C — ¢ curves resembles that of the analo- 
gous curves obtained in NaF solutions [6]: in dilute solutions 
close to the e,c.z,, the C — ¥ curve shows a clearly defined 
minimum, which is related to the diffusion structure of the 
double layer, and with subsequent increase in the negative po- 
larization the capacity passes through a sloping maximum at 
y = —0.75 v (sat.cal.el.), With change in the potential to- 
ward positive charges on the surface; however, the C— ? 
curves close to the e,c,z, show a sharp, almost vertical increase 
in capacity, followed by a characteristic maximum (peak) 
which is much higher and narrower than the analogous maxima 
in solutions containing other anions, This shape for the C— # 
curve was not observed in the presence of the other anions pre- 
viously studied [1-4], and requires more detailed examination, 


By means of Grahame's method [6] and the data for the 
differential capacity in 1N KyFe(CN)g, we calculated the 
C — curves in 0,1, 0,01, and 0,001N solutions of KyFe(CN)g, 
on the assumption that the Fe(CN)§ anion is not specifically 
Fig. 1. Differential capacity curves in K,Fe(CN)¢ adsorbed on mercury, and that the e,c,z, in all the solutions is 


solutions: 1) 1N; 2) 0,1N; 3) 0,01N; 4) 0,001N; equal to —0,473 v (sat.cal.el.), i.e., is equal to the e.c.z, in 
400 cps, 25°, NaF solutions [6].* The calculated and experimental curves 


yo 


*It should be noted that the e,c,z, in 1N KgFe(CN)g solution cannot be determined by the method of reverse integra- 
tion [7], since the negative branch of the C — ¢ curve in 1N KyFe(CN)g lies slightly lower than that for 1N KCl, This 
result is apparently related to the decrease in the activity of the K* cations due to the reaction K* + Fe(CN)$” = 

= KFe(CN)g_ at high KgFe(CN)g concentrations, and not to breakdown of the complex H,O + KgFe(CN)g = KgFe(CN)s(H,O)+ 


+ KCN [8], since the appearance of CN” would lead us to expect the increase in the C — ¢ curve at much more nega- 
_ tive potentials [4], 


| 
4) 
\ 
\ 
SOF \\ 
3 
4 
40 
| 
& 
30 
} 
; 
20 Z ia 
ZG. 
6 
: 
a 
717 


for 0,01N KgFe(CN), solution are given in Fig, 2, The figure shows that the displacement of the minimum on the 


C— ¢ curve from the e.c.z, is the same for the experimental and calculated curves and is thus due to the fact that 


20+ 


0 


Fig. 2, Differential capacity curves in 0,01N KgFe(CN)g 
solution: 1) experimental; 2) calculated, 


-(Sv(sat.cal.el.) 


KgFe(CN)g is of unsymmetrical valence type and not 
to specific adsorption of the Fe(CN)$ anion at the 
e.c.Zz, Moreover, at values of ¢ more negative than 
—0.65 v (sat.cal.el.), the experimental and calculated 
curves practically coincide, On the other hand, for 
positive charges on the surface, the calculation based 
on the assumption that there is no specific adsorption 
differs considerably from the experimental values of 
the capacity, We thus reach the conclusion that for 
positive charges on the surface the Fe(CN)§ anion ex- 
hibits appreciable specific adsorption on the mercury 
surface, whereas on going to the case of negative 
charges on the surface, desorption of this anion takes 
place, accompanied by a sharp decrease in the capac- 
ity. The agreement for the descending branches of the 
calculated and experimental C — ¢ curves indicates 
that the sharp desorption of the Fe(CN)$ anion is due 
chiefly to the electrostatic interaction of the polyval- 
ent anion with the mercury surface, 


A characteristic feature of the data which we 
have obtained in 1N KyFe(CN)g solution is the relative- 
ly high value of the capacity at the maximum on the 
curve (Cyy = 59.0 f/cm’, whereas, in 1N KCl, 
Cy = 43.2 uw f /cm?), and also the existence, at the 
potentials of the maximum, of a polarization resistance 
equal to 0,31 ohm/cm®, According to Watts-Tobin's 
theory [9], the peak on the C — ¢ curves is related to 

a maximum value of the effective dielectric constant 
for the layer of adsorbed water dipoles, This theory 
does not consider the influence of the specific adsorp- 
tion of anions on the change in the orientation of the 


water dipoles, and the absence of a peak on the C — ¢¥ curves in KOH and K,COs solutions [2] is attributed, by anal- 
ogy with KI solutions, to a sharp increase in the capacity, which masks the peak and is due to the strong specific ad- 
sorption of the OH” and CO% anions, which is comparable with the adsorption of the I anion, It is difficult to ac- 
cept this explanation, since the adsorption of OH and CO$™ ions, unlike the adsorption of I, does not lead to dis- 
placement of the e.c,z, toward negative values [2], Moreover, according to [9], we should expect the absence of a 
peak in KgFe(CN)g solutions also, since the adsorption of the Fe(CN)$” anion leads to a sharp increase in capacity, 
but this is not observed experimentally (Fig. 1), Finally, this theory [9] cannot, without further assumptions, explain 
the production of the polarization resistance at the potentials of the peak on the C— ¢ curves, 


In the general case the presence of a peak on the C — ¢ curves is determined by the negative value of C/0 ¢, 
If € is the charge on the electrode, Y, the potential read from the e.c,z, in the given solution, € the potential of 
the electrocapillary zero corresponding to the orientation of water dipoles at the given potential Ya[& = f(a), 
and Ky is the true integral capacity, defined by the relationship € = Kg(%q—€ ), then the differential capacity C 


from which 


and the formal integral capacity K can be expressed by the following equations: 


og? 
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It is natural to assume that 0K,/9¢= 0, and also that ‘nr gal < 1and|0&/9¢|< 1, Under these condi- 


tions, as can be seen from Eq, (3), the production of a region in which 0C /0¢ < 0 can be explained either by a nega- 
tive value for o by a positive value for /d 


uf/cm? 


icoul/ cm? 


Fig. 3, Curves for the integral capacity in 0,1N K,yFe(CN)g solution at 
temperatures of: 1) 0°; 2) 25°; 3) 50°; 400 cps, 


As can be seen from Fig, 3 for 0,1N KyFe(CN), solution at 0°, a maximum is also observed on the K— € curve, 
i,e., in this case there exists a region where 0K/0¢ < 0, According to Eq, (4), this result indicates that either &< 
< 0 for, > 0, or 0€/0 y> 0, The first variation was considered by Watts-Tobin [9], according to whom a funda- 
mental part in the production of a negative value for 0C/90¢ is played by the term with 0°K, /2¢? < 0 and, ap- 
parently, a positive value of 07& /8¢? with — < 0, corresponding to completion of the reorientation of the water 
molecules, Another possible interpretation of the peaks on the C — ¢ and K— € curves is based on the assumption 
that the water dipoles are orientated with their negative end toward the mercury surface at the e,c,z,, and that this 
orientation changes when anions with a sufficient polarizing power are introduced into the compact double layer, In 
this case, for Y, > 0, the values of Eg, 9/09 and 0*€ / 0¢? are positive, while the last quantity plays a funda- 
mental part in the production of a region with a negative value for 9C/d¢ [see Eq, (3)]. The height and shape of 
the peak on the C — ¢ curves under these conditions will depend on the adsorbability of the anion and its polarizing 
power (tendency to undergo hydration), 


The Fe(CN¥% is strongly hydrated, and its adsorbability, as we have shown, increases sharply on going to the 
case of positive charges on the surface, We should therefore expect a sharp change in the orientation of the adsorbed 
water dipoles when Fe(CN)$ anions are introduced into the double layer, Thus, the experimental data which we 
have obtained in 1N KyFe(CN)g agree better with the second interpretation of the peak on the C— ¢ curves, The 
sharp change in the orientation of the adsorbed water dipoles is responsible for the high and relatively narrow maxi- 
mum on the C — ¢ curve, and the polarization resistance observed at these potentials corresponds to the process of 
reconstruction of the double layer when Fe(CN¥ anions are introduced into it, The second interpretation of the 
peak on the C — ¢ curves in the presence of different anions will be considered in more detail later [10]. 
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To investigate a series of complex catalysts it is necessary to be able to compare the catalytic activity of unit 
surface area of the active component of the catalyst, By the BET method it is only possible to determine the total 
surface area of the complex catalyst, for example, the total 
surface area of the metal plus carrier, 


a The method suggested by Burshtein [1] of chemisorption 
fata of oxygen at ambient temperatures and low pressures, proved 
7 , c to be a convenient method for the determination of the surf- 
ace area of active metals, Characteristic curves, expressing 
the rate of adsorption of oxygen on nickel determined by this 
method, are presented in Fig. 1. A sharp fall in the adsorp- 
tion rate was observed after a definite quantity of oxygen was 
absorbed, In the case of iron the quantity of adsorbed oxy- 
gen was 2° 10'5 mole/ cm’, and in the case of nickel the 
rapid adsorption of oxygen was 1.3 + 10'5 mole/ cm? of surf- 
Fig. 1. Adsorption of oxygen A on the catalysts: ace, These results are based on a comparison of the results 
Ni on Cr2Og (a) and Ni prepared from the form- of the adsorption of oxygen with the data obtained by the 
ate (b). BET method for pure metals [2]. 


15 
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TABLE 1, Surface Area, Activity, and Adsorption of Thiophene on Various Nickel Catalysts 


Specific values 
on 1m’ of nickel 
activity adsorption 


Nickel 
content, 


Surface area Activity 


at 100° 


Adsorption 
of thiophene 


Series | Nickel catalyst 


m*/g of | nickel**| nickel, 


wt, %o of m?/g 


catalyst 


catalyst 


mmoles/hr 
onl g Ni 


at 120° 
mmole/g Ni 


mmole/hr 


of thiophene 
mmole * 10° 


From the formate 
From the oxalate 


100.0 3.8 3.8 
100.0 6.5 6.5 
On 50.0 30,0 60,0 
On MgO 65,0 42,0 65,0 
On carbon 9.1 15,0 170.0 
Alloy Ni 75,0 87.0 87,0 
Ni on Al,O, 45,5 41,0 90,0 


*From BET adsorption of nitrogen, 
**From adsorption of oxygen. 


1,74 

2.85 
35,0 
44.0 
120.0 
286.0 
256.0 


0,028 
0,050 
0.47 
0,50 
1,23 
0,65 
0.99 


0.46 
0,44 
0,58 
0.68 
0.70 
3,30 
2,84 


1.4 
tet 
1.8 
1.3 
7.5 
11,0 


I 
2 


We used this method for the comparison of the specific activity (referred to 1 m* surface area of the nickel) 
of a series of supported nickel catalysts, First of all a determination was made of the surface area of the nickel cat- 
alysts without supports, prepared by decomposition in hydrogen of nickel formate or oxalate; the surface area of 
these samples was determined by the usual BET method (low-temperature adsorption of nitrogen or krypton) parallel 
with the determination of oxygen adsorption by the method described in (1), 


The catalytic activity of the investigated catalysts was determined by hydrogenation of benzene in the vapor 
phase under steady conditions in the flow-circulation apparatus described in [3], At the same time the specific ad- 
sorption of thiophene from its mixture with benzene vapor and hydrogen in the same flow-circulation apparatus, and 
on the same catalysts, was determined; analysis of the residual thiophene was carried out photocolorimetrically,with 
subsequent analysis of the catalyst for adsorbed sulfur. The results obtained are presented in Table 1, 


The given data show that the surface area of nickel prepared from the formate or oxalate (without carriers) 


can be accurately determined both by the BET method and by the adsorption-of oxygen method, since the same re- 
sults are obtained, 


Knowing the value of the surface area of nickel in complex catalysts, and their total activity in the hydrogena- 
tion of benzene, the specific activity, referred to 1 m? of Ni, is easily calculated, As seen from the data of Table 1, 
the specific catalytic activity for the series of investigated catalysts is found to be approximately constant and a 


several-fold increase of the surface area of the carrier does not have any appreciable effect on the value of the spe- 
cific catalytic activity of nickel, 


An analogous conclusion can also be reached on the basis of the results obtained for the sulfur capacity of 
these catalysts, i,e,, the limiting adsorption of thiophenic sulfur at 120° in a current of hydrogen; the amount of 
thiophenic sulfur absorbed by unit surface area of nickel remained approximately constant, The size of the area of 
nickel atoms situated on different cross-sectional planes of the crystal amounts to: for the 111 plane — 5,3 A’; for 
the 100 plane — 6,15 A®*; and for the 110 plane — 8,70 A®; if it is assumed that the different planes are equally prob- 
able on the surface of the crystals of nickel, then the average area of the nickel atom is 6,75 A®, {.e,, 1 cm? of the 
surface area comprises 1,5 * 10"® atoms of Ni, Since the rapid adsorption of oxygen on the Ni amounts to approxi- 


mately 1,3° 10" molecules of oxygen on 1 cm? surface then, apparently during adsorption, 1 nickel atom is bound 
to 1 molecule of oxygen, 


The chemisorption of thiophene at 120° in a stream of hydrogen on average amounted to around 7,5 » 108 
mmoles/1 m? of nickel, Under these conditions hydrogenation of part of the thiophene occurred and the absorption 
of thiophene increased; at room temperature, however, in the absence of hydrogenation, the amount of thiophene 
absorbed from the vapor or from the liquid phase was found to be less and amounted to around 5 * 10°* mmoles on 
1 m? of Ni, Using these results, we can evaluate the effective size of the thiophene molecule as approximately 
33 A*, With the size of the nickel atom as 6,75 A? we arrive at the conclusion that a thiophene molecule is disposed 
on 5 atoms of Ni, i,e., is adsorbed on the surface in a flat position, Thus, measurement of the limiting adsorption 
of thiophene is a method of determining the surface area of nickel in different catalysts, 


From examination of the data given in Table 1, the fact stands out that nickel catalysts containing aluminum 
and alkali, prepared for example from nickel— aluminum alloy, with subsequent dissolving out of the greater part of 
the aluminum (Raney nickel) or by precipitation of the nickel with sodium aluminate, prove to be for the given re- 
action (hydrogenation of benzene) considerably more active per unit surface area of nickel than the nickel catalysts 
referred to above, At the same time through study of other reactions (for example, {isotopic H, — D, exchange, hy- 
drogenation of ethylene, etc,), such a difference in specific activity of these catalysts is not observed [4], 


An oxygen-adsorption method was used for the determination of the differential surface area of nickel in sup- 
ported nickel catalysts, The specific catalytic activity of unit surface area of nickel in a series of catalysts for the 
hydrogenation of benzene was found to be approximately the same, The specific activity of nickel in an alloy cat- 
alyst and Ni on aluminum oxide proved to be higher for this reaction than that of the other nickel catalysts, 
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In agreement with the quasi-stationary theory of thermal explosion developed for autoaccelerating reactions 
[1-3], an explosion® occurs as a result of a shift in the equilibrium position between the heat received and the heat 
escaping, which takes place due to an isothermal increase in the reaction rate, The quasi-stationary development 
of the preexplosion process in the conditions under examination is predetermined by the properties of the explosive 
reactions and by the presence of isothermal autoacceleration, However, quasi-stationary conditions of another kind 
are possible which are not dependent on the autoacceleration of the reaction, These are forced, nonautocontrolling 
conditions determined by the shift in the equilibrium conditions between the heat received and heat lost, due to a 
slow variation in time of some parameter of the system, This variation follows a definite law, unrelated to the de- 
velopment of the reaction, 


In the present paper, within the framework of the quasi-stationary theory, the author examines the properties 
of thermal explosion under dynamic conditions for a linear increase of the temperature of the surrounding medium 
(heated at a constant rate), 


The initial system of equations has the form 


aT / 
cp = = @(n), Ty = wt. (1) 


The initial conditions are t = 0, T = Ty, n = 0. Here T is the temperature in the reaction zone (°K); Ty is the temp- 
erature of the surrounding medium (°K); n is the conversion depth; t is the time (sec); & is the heat-transfer coeffi- 
cient (cal/ cm? sec deg); V is the reaction space (cm); is the 
surface which is losing heat (cm); Q is the heat of the reaction (cal per 
cm®); E is the activation energy (cal/ mole); kg is the preexponential 
factor; c is the specific heat (cal/g + deg); p is the density (g/ cm); w 
is the rate of change of Ty (deg/ sec); ¥(n) are functions, expressing the 
law for the development of the reaction under isothermal conditions, 


Grecvd(T) 


In the case when there is no distribution of temperatures in the 
reaction zone, @ represents the heat-transfer coefficient from the surf- 
ace of the charge (or, in the case of liquids, from the internal surface 
of the reaction vessel), In the presence of a distribution of temperatures, 

ber T and n have the meaning of averaged values over the volume, and a 
represents the effective heat-transfer coefficient [2]. 


Fig. 1. Semenov diagram, 
The specific feature of forced conditions is the possibility of a 


quasi-stationary development of the preexplosion process for all types 
of reactions, independent of their kinetic laws, 


Forced quasi-stationary conditions are easily reproduced on the Semenov diagram (Fig, 1), by using a model 


of a zero-order reaction, Under dynamic conditions (Ty is a variable), the heat received is expressed by a set of 


*In this work, as is usual in the theory of thermal explosion, we do not distinguish an explosion from ignition, and by 
the term explosion we understand a rapid, essentially nonstationary, development of the reaction. 
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lines corresponding to different values of Ty (ort), In the reaction process a shift in the equilibrium position (the 
points of intersection of the heat received and the heat lost) occurs along the curve of the heat received. It is possible 
to consider the heat received and heat lost as related to different systems of coordinates, joined along the abscissae 
and moving relatively to each other with a velocity w. The explosion occurs at the moment of contact. With a 
linear increase of To, a reaction of zero order always ends with an explosion, with all values of w. If the heating 

rate w is less than the rate of establishment of thermal equilibrium, then the preexplosion process develops in a 


quasi-stationary manner, In the opposite case thermal equilibrium cannot be established, and the reaction which oc- 
curs is nonstationary, 


< 


Toexpl Tot 


Fig, 2. Temperature conditions for the development of the re- 
action under dynamic conditions: 1) w > 2) W< Wop 
Ty < To < Toexpl are the quasi-stationary conditions; To< To 
is the establishment of quasi-stationary conditions; Ty > Ty exp 
is the disruption of quasi-stationary conditions, 
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Fig. 3, The relation between the main characteristic values of 
thermal explosion and the rate of heating wor 2° 10° deg/ sec, 


For real systems, due to burning out (to a decrease in the reaction rate due to the consumption of the original 
substance), a critical value of the heating rate Wey exists, With slow heating (w < Wcr) the substance is able to re- 
act without explosion; with rapid heating (w > Wcr) a quiescent reaction ends with an explosion, 


The mathematical meaning of forced quasi-stationary conditions is found in the small natural rate of heat ac- 
cumulation in comparison with forced: 


d(T —T,)/dt<dTy)/dt or d(T—T )/dT) <1 o dT/dT,~1, (2) 


i,e., in forced quasi-stationary conditions the rai2 of change of temperature in the reaction zone is close to the heat- 
ing rate, The quasi-stationary character of the cevelopment of the reaction is illustrated in Fig, 2. 
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Before proceeding to a solution of the equations, it is of advantage to expand the exponent by the method of 
Frank-Kamenetskii [2], In view of the very sharp temperature relation of the Arrhenius term, the expansion is always 
carried out close to the temperature at which the most intense reaction occurs, In the given problem this tempera- 
E E E 

ture is Tg,*(Fig. 2). The Arrhenius terme me RT, ec at This expansion is applicable at tempera- 
tures close to Tot. At temperatures far from Tot, the expansion is not applicable, but here the whole exponential 
term becomes unimportant, Due to this circumstance, the use of Frank-Kamenetskii's conversion gives only a small 
error and is extensively used in the thermal theory of the processes of combustion and explosion, 


By stipulating quasi-stationary conditions [2], and introducing dimensionless values 


R as / 
RT Om un E B= 
we derive (1) in the form (,=—B; 0=—B; yn=0) 

(n) — (0 — 0) — oy = 0, (3) 

d 
@ = (n). (4) 


The dimensionless system of equations (3) and (4) describe the quasi-stationary development of the reaction 
under conditions of a linear increase in temperature, The method for its solution is obvious, Integrating (4) we ob- 


tain the relation n(@) which we substitute in (3), The analysis of the relation f (8,09) =0 allows us to calculate all 
the main parameters of thermal explosion. 


We shall carry out a specific calculation of the parameters by taking the example of a unimolecular reaction, 
The determination of the critical rate of heating Woy, the temperature Ty expl at which explosion occurs, the depth 
of the preexplosion reaction Nexpl and other parameters are the calculated values required, For a unimolecular 


— + 


reaction, 1—n; n= 1—e The term exists only at large negative values of @, i.e., 
when the reaction does not occur in practice. Therefore, the limiting case will be considered when B > ~, 


Then 


=l-—e 


(5) 


1 


° 


Substituting (6) in (3) we obtain 


e yo =0. (7) 


The expressions (7) and (5) lead to the relations 0 = 0(@9,W, K,y) and n = n(09,, K,y), representing the solution 


of the quasi-stationary system (3), (4), Because the maximum rise in temperature is found below the ignition limit, 
at 69 = 0, then: 


d (9 = 0. (8) 


Differentiating (7) with respect to @9 and taking Eq, (8) into account, we obtain 


6; is the maximum rise in temperature of the system with the reaction taking place below the ignition limit, Sub- 
stituting (9) in (5) we find the depth of the conversion, which corresponds to the maximum rise in temperature: N¢ = 


= 1-1, e » 0,632, and substituting (9) in (7), and assuming that 69; = 0, we obtain the relation between the values 
w, k, and y below the ignition limit, 


*Above the ignition temperature, Ty expl is substituted for Tot. 
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@/e— Inw/x— yo = 0. (10) 


Analyzing this relation we arrive at the conclusion that at the ignition limit 


a, =e, (11) 

and also 
(12) 
Neo = 1—I/e. (13) 


Above the ignition limit (10) is not applicable. The relation between the parameters w, K, and y ts found from 
Eq. (7) by substituting 69 = 0 and 6 = 6¢, = 1.° 


/x + wy) = 0. (14) 


The depth of the preexplosive reaction in agreement with (6) is equal to 
(15) 
By the substitution of the expressions for the dimensionless values in (3) in Eqs, (10)-(15), all the basic parameters of 
thermal explosion are calculated, In particular, To is found from (11), Ty exp! from (14), and Wer from (12). 


Figure 3 reproduces the results of the numerical calculations carried out with the following values of the param- 
eters: ky = 10'8sec™!, E = 45,000 cal/mole, Q = 1000 cal/cm®, a = 10°* cal/cm? + sec » deg, S/V = 4/4, d = 0.44 
cm, c = 0,3 cal/g+ deg, p = 1.5 g/cm®, 


Without going into a detailed analysis of the relations found, let us note the following: 


1, The critical heating rate w,, depends on the diameter of the heating vessel (or the charge); the less this 
diameter, the greater Woy. 


2, The preexplosive rise in temperature according to (13) and (3) is equal to AT,, = aT’, cr/E, i.e., related 
to the critical temperature in the same way as under static conditions (with T» = const), 


3. The depth of the preexplosion reaction under kinetic conditions is considerable (n ,, is approximately 63%), 
The high value of n,, is a specific feature of the quasi-stationary development of the reaction (under static condi- 
tions the explosion develops essentially in a nonstationary manner and 1 cr is equal to a fraction of the value), With 
an increase of w/ Wc, the depth of the preexplosion reaction decreases, 


4, The dynamic temperature (To cr)q exceeds the static temperature (To cr)st by the value of the preexplosion 
increase in temperature AT,,;. With an increase of the ratio w/Wcr, the temperature at which the explosion occurs 
(Ty exp!) falls, tending to the value cr)st- 


5. The quasi-stationary criterion in the dimensionless values is equal to Kg® wy, Since the value of y for 
reactions capable of thermal explosion are always small (10~?-107%), then at the ignition limit Ky = ey << 1, Le., 
close to the critical conditions, a quasi-stationary regime always takes place, The range of rates at which a quasi- 
stationary development of explosion occurs depends on the value of y and may be considerable, In real cases, 1 < 
< w/ Wer < (2-20). 


In this paper the parameters of thermal explosion for a unimolecular reaction have been calculated, From the 
method considered here it is easily possible to carry out the required calculations for bimolecular, autocatalytic,and 
other reactions, 
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Corr. Member AN SSSR B, P. Nikol*’skii, M. M. Shul'ts, 
N. V. Peshekhonova, and A, A. Belyustin 


A, A. Zhdanov Leningrad State University 

Translated from Doklady Akadem{fi Nauk SSSR, Vol, 140, No. 3, 
pp. 641-643, September, 1961 

Original article submitted May 22, 1961 


In [1] it was shown that the electrode behavior of glasses containing two acidic oxides (for example silica and 
boric oxide) depends on the distribution of the basic oxides between the acidic oxides in the glass, 


Glass electrodes of binary alkali-silicate glasses, i.e,, those containing only one acidic oxide — SiO,, and elec- 
trodes of alkali glasses containing oxides of basic character (modifiers) such as the oxides of cesium, calcium, bari- 
um, lanthanum, etc,, exhibit a hydrogen function over a wide pH 
range [2,3]. 


P= Moga, FF -2,303), a) 


corresponding to the linear section aa of Curve 1 in Fig, 1, Asa 
result of the process of ion exchange between the glass and the 
solution, which takes place according to the equation 


H* (glass ) + M* (pacrsop) = H* (solution + Mt (glass ) (2) 


a transition takes place at definite pH values from a hydrogen 
function to a metallic function for the glass electrode [4-7] (sec- 
tion a™b'c of Curve 1 in Fig. 1), According to the ion-exchange 
3 theory of the glass electrode [4], Curve 1 is described by the equa- 
7 tion 


+ Kay,); (3) 
Fig. 1, Diagrammatic representation of the 
electrode behavior of glasses of different types: where K is the equilibrium constant for process (2), 

1) binary alkali—silicate glasses and glasses In the transitional section ab’, however, certain deviations 
containing modifier ions; 2) complex glasses from Eq. (3) are observed experimentally, and these increase when 
containing glass-formers and modifiers; 3) a second acidic oxide such as B,Og is introduced into the glass 
simple glasses with small quantities of a second (Curve 2 in Fig, 1), This can be attributed to the presence, in the 
glass- former; 4) glasses containing relatively glass, of hydrogen ions whose bonds with the glass are of different 
large quantities of a second glass-former, The strengths [5-7]. If a sufficiently large quantity of boron or alumi- 
broken section of Curves 1 and 2 corresponds to _ num oxides is introduced into the glass, it is possible to obtain a 
Eq. (3). glass electrode with a metallic function over a wide pH range 
[9-11] (Curve 4 in Fig. 1). 


It may be assumed that glasses containing no boron or aluminum behave as weak acids (K ~ 107", Curve 1), 
while the introduction of boron and aluminum leads to the formation, in the glass, of the stronger boro- or alumino- 
silicic acids (K ~ 107"?; K-> 1 for Curve 4), where the hydrogen ion is less firmly held [12], Curves of types 2 and 
4 are characteristic for complex glasses, such as those belonging to the NagO — CaO — SiO, system with added Al,Og, 
B,Os, ZrO2, and other glass-forming oxides [13,14]. 
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Fig. 2, Relationship between the potential of Fig. 3, Relationship between the potential of a 
a glass electrode and pH (CL i+ + 3N) for glasses glass electrode and pH for glasses of composition 
of composition 27% LizO, X% AlgOs, (73 — X)% 22% Na,O, X% ByOs, (78 — X)% SiO, (mole%), A) 
SiO, (mole%), Cyat = 9.1N; B) = 3,0N, 


The generalized theory of the glass electrode [8] also predicted the possibility of the existence of curves of 
type 3 (Fig. 1), where the section aa‘ corresponds to the hydrogen function for the glass, produced by hydrogen ions 
joined to the anions of both strong and weak acids in the glass phase; the section a'b™c"” corresponds to the transition 
range between the hydrogen and metallic functions, corresponding to the replacement by alkali metal ions of the hy- 
drogen ions which are weakly bound to the anions of the glass, The section c"d shows (partly) the hydrogen function 
produced by the firmly held hydrogen ions, which are displaced by alkali metal fons at higher pH values (transition 
to the range d'c™ corresponding to complete metallic function), 


It has been possible for the first time to detect experimentally this differentiation in the electrode properties 
of a glass into properties depending on strongly acidic groups and properties depending on weakly acidic groups, in 
glasses of the ternary Li,O — Al,O, — SiO, system in the range of low aluminum oxide concentrations (0-3 mole%), 


Figure 2 shows the relationship between the emf of the glass— calomel cell and the pH of a buffer solution of 
constant lithium concentration (3N), The value of the pH was measured by means of a hydrogen— calomel cell, The 
measurements were made at room temperature,* In the experiments, the pH was generally changed from low to 
high values, When the pH was changed in the opposite direction, the shape of the curve was reproduced fairly satis- 
factorily, a slight hysteresis being observed only in the transitional region (broken line with arrows), 


Figure 3 shows the electrode behavior of glasses of the Na,O — B,O3— SiO, system, Curves are given for two 
concentrations of sodium ions in the solution: 0,1N and 3N, Figure 3 shows that boric oxide produces a differentiat- 
ing effect, analogous in character to that produced by aluminum oxide, The relative position of the curves for dif- 
ferent concentrations of sodium in the solution confirms the above interpretation of the individual sections of the 
curves of type 3 in Fig, 1, It can be seen from Fig, 3 that the distance along the vertical between the sections for 
the sodium functions of the curves for glasses with 6,6 and 9,4 mole% B2Ox3 is close to the theoretical value AE = 


Plog -N2C! == 83 mv. We obtained similar curves for other glasses of these systems, with lower or higher lithium 
“Nach 


*The curves in Figs, 2 and 3 have been displaced along the y axis, 
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oxide contents (from 24 to 33 mole%) or sodium oxide contents (from 16 to 25 mole%), and also for glasses of other 
systems containing two acidic (glass-forming) oxides: 


Li,O R,On, SiO, (R,On BOs, GayOs, (1) 


Nag (R,0,, Al,Oz, Fe.Os, GeO,, SnOs, TiOs, Z1Og, (11) 


P.05, Sb2O3, BizOs). 


The extent of the differentiating influence for different oxides, shown at low concentrations of the oxides, depends 
on the oxide, A characteristic feature of most of these oxides is that the addition of relatively large quantities (3 to 
9% for AlyO3, FegO3, BOs, and ZrO,) leads to disappearance of the second hydrogen region in the pH range 0-14, due 
to the presence of the weaker acid in the glass, as a result of which curves of type 4 in Fig, 1 are obtained. These 
phenomena appear to be directly related to the theory that the alkali metals in complex silicate systems combine 
first of all with oxides such as Al,Og, ByO3, etc, [15-17]. 


Thus the experimentally observed “differentiating effect" of a second acidic oxide at low concentrations in 
glasses of simple composition applies also for all glass-forming oxides, This effect confirms clearly the basic hypoth- 
eses of the generalized theory of the glass electrode, and agrees with modern views on the binding and coordination 
of atoms of glass-forming elements in glass [18,19]. 
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The relationship between the yield of a reversible chemical reaction of the type mA + nB + AmBn, and the 
composition of the solution is given by the law of mass action in the form of the equation 


1 
(C,— my)” (Cy-- ny)" (1) 


where y is the equilibrium concentration of the compound (yield of the reaction); Ca and Cg are the total concen- 
trations of the components, and K is the concentration constant. 


Formula (1) corresponds to those systems which, in addition to the reacting components A and B, contain a 
large excess of solvent which does not enter into the reaction; the absence of perceptible quantities of intermediate 
products of dissociation of the compound is also implied, When the ionic strength of the solution is kept constant, 
the above formula is applicable over a wide range of concentrations, 


The isomolar diagram for the yield of compound of the type AmBn in the case of purely binary systems was 
studied by N, 1, Stepanov [1], who paid particular attention to the study of the singular points lying on the diagram 
outside the region having physical significance, N, I, Stepanov's methods of measurement, which have made up a 
significant fraction of the theory of physicochemical analysis, have not, however, in recent years received the de- 
velopment they deserve, Moreover, in the practical application of the physicochemical analysis of complex com- 
pounds in solution, theories dealing with the relationship between the composition and the yield of compound, and 
based on considerations of qualitative order have become widespread, These theories are reflected in the well-known 
monograph by A. K, Babko [2], and can be summarized roughly as follows: With decrease in the concentration of 
one of the components compared with the stoichiometric value, the degree of dissociation of the compound decreases 
monotonously, and tends to 0 when the concentration of a given component tends to 0, i,e., when there is an infinite- 
ly large relative excess of the other component; in accordance with this, both in the case of isomolar series and in 
the case of series with varying concentration of one component, the relationship between the yield of the reaction 
and the composition of the solution is given by a curve which at all points is convex toward positive ordinates and 
has at the initial point a maximum slope, close to that observed for K = ~, 


These considerations are applicable for compounds of the type AB [2] for high values of the formation constants; 
the extension of these considerations to compounds of the type ABy (AB) and AmBy, however, even at high values 
of K, requires certain restrictions, particularly if we are considering the range of fairly low concentrations, Mathem- 
atical analysis of Eq, (1) for the conditions: Ca = const, Cp = x, Cp = const, Ca = x, and CA + Cp = C = const, 

Cp/ (Ca + Cg) = x, where x is the composition variable, shows that in-each of these cases the derivative y}, at zero 
concentration of one of the components is equal to 0; thus, the curve at the initial point has not a maximum slope, 
but zero slope, and hence, over a certain initial section it is concave toward the positive ordinates; on this basis it 
may be concluded that with decrease in the concentration of one of the components compared with the stoichiom- 
etric values, the change in the degree of dissociation of the compound is complex in character, and when the con- 
centration of a given component tends to 0 the degree of dissociation tends not to 0 but to 1, These conclusions, as 
can be shown by study of the derivative y}, for the condition m = 1 or n = 1, do not extend to the case where the 
component whose concentration tends to 0 has index equal to 1 in the formula AmBp. 


Thus, the nature of the change in the degree of dissociation of the compound when the concentration of one of 
the components tends to zero depends on whether the compound contains one or more particles of the given component; 
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if it contains more than one, then the degree of dissociation of the compound tends to 1, that is, the compound de- 
composes completely; if it contains only one, then the degree of dissociation decreases, and tends not to 0, but to a 
limit whose value depends on K, 


Thus, for example, the curve showing the relationship between the yield of a compound of type ABy and the 
composition in series with varying concentration of the component B has at the initial point (x = 0) a slope equal to 
zero, since the tangent of the angle of slope of the curve at this point, defined by the value of the derivative y, is 
equal to 0 (and not 1/n, as follows from the theories given above); in series with varying concentration of compon- 


ent A, however, the tangent of the initial angle of slope is equal to =a. (and not 1); in isomolar series the 
+1 


slope is 0 (and not C/n) at the point corresponding to component A and Gta iV/K 


(and not C) at the point correspond- 
ing to component B, The corresponding values of the degree of dissociation can easily be shown to be equal to: 

1+KCR’ 


Analogous considerations apply to compounds of other types (AmBn, AmB, and AB). 


Since the slope of the composition-yield of compound curve is zero at the initial point, as already mentioned, 
the curve is concave over a certain initial section, In accordance with this, concavity in composition-property curves 
over the initial section is also a quite regular feature when one compound is 
formed in a system; this is illustrated by a large number of experimental curves 
given in the literature. The view that concavity in an experimental composition- 
property curve indicates the formation of more than one compound is not always 
correct, 


It should also be noted that when the initial section of the curve is concave, 
the curve should exhibit two unique points, We have made a study of these points, 
both for series with varying concentration of one of the components and for iso- 

0 im ry molar series, for compounds of the type ABp (AmB), and compounds of the type 

AmBn. 

Fig. 1, Relationship between 
the yield of a compound of the 
type AB and the concentration 
of component B, Ca = const, 


Figure 1* gives a curve showing the relationship between the yield of a 
compound of the type ABp and the concentration of the component B, The curve 
has two unique points, one of which is a point of inflection (P), while the other 
(Q) may be determined by drawing a tangent from the origin, At the point P the 
first derivative y} passes through a maximum (yx = 0); at the point Q the ratio 
y/x reaches a maximum, i.e., (y/ x) = 


The derivative y}, characterizes the intensity of the chemical reaction, i,e., the quantity of compound formed 
per unit of the added component B for a given composition of the solution; the ratio y/ x, however, characterizes the 
relative yield of the reaction as a whole for attainment of a given composition, Thus, the unique points correspond 
to maximum intensity of the chemical reaction (P) and to the maximum relative yield of the reaction (Q). 


The significance of these points may be revealed in more detail by determining their coordinates, Mathem- 
atical analysis shows that 


(P) = (?} CA n —1 


From examination of these expressions it follows that the ordinates of the unique points are independent of the 
equilibrium constant and are determined entirely by the given chemical form; their abscissas, however, depend also 


*The concentration of component B(x) is shown in Fig, 1 on a smaller scale than that for the concentration of the 
compound (y). 
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on the constant, The lower the stability of the compound, the further are these points displaced along the composi- 
tion axis, while still remaining at the same distance from it. Thus, the points P and Q correspond to definite discrete 
concentrations of the compound, These concentrations are in a certain sense critical, since they separate qualitative- 
ly different regions of accumulation of reaction product. As the component B is added to component A, the accumu- 
lation of the compound ABp at first takes place with an increase in the intensity of the chemical interaction; when 
a of the maximum possible quantity of compound (y = Ca) is reached, however, the intensity of the interaction 
passes through a maximum and then begins to decrease, although the relative yield of the reaction increases as be- 
fore; when, however, the concentration of the compound increases by a further factor of 2 and reaches (n — 1)/n of 
the maximum value, subsequent accumulation of the reaction product takes place with a decrease in its relative 
yield, These discrete fractions are equal to 1/, and '4 for compounds of the type AB», 1/, and */, for compounds of the 
type ABs, etc, 


In the case where a compound of the type AmBn is formed in the system, the ordinates of the points P and Q 
in a series with varying concentration of component B are given by 


Cy Ymn—Vm+n—i 


(P) — 
m (m—1)Vm+n—1 (4) 


(5) 


With isomolar change in the composition of the solution, the ordinates of the unique points depend on the 
equilibrium constant K; the relationship between the ordinates and the abscissas, however, is given by simple re- 


lationships in which the quantity K does not appear, Thus, for example, for a compound of the type ABn, formed 
in an {somolar series, we have 


P 
(6) 


n 


(7) 


In conclusion, it should be noted that these regular features may find practical application in the physico- 
chemical analysis of compounds in solutions; the most promising such application is the determination of the com- 
position of compounds from the ordinate of the point Q in series with varying concentration of one of the components, 
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From a study of the mechanism of dehydration of lower aliphatic alcohols in an adsorbed layer on Al,Os3 cata- 
lysts of different origins [1] we showed the presence of reciprocally related surface reactions during the dehydration 
of isopropyl and ethyl alcohols under certain conditions, Thus, at 120-150°, C,HsOH in amounts of 1-5 cm® 
(n,t.p.)/ g (i.e., at most up to 40-70% of the monolayer), is practically completely adsorbed without noticeable pres- 
sure in the gas phase, Under these conditions, the dehydration reaction either does not proceed at all, or proceeds 
very slowly, If then a relatively small amount [0,3 cm? (n.t.p.)/ g, ie., 2-4% of the monolayer) of iso-CsH7OH is ad- 
sorbed, it is also completely adsorbed by the catalyst, and the gas-phase pressure is observed to rise, indicating that 
a reaction occurs, Moreover, the rate of dehydration of a standard amount of iso-CgH7;OH always proved to be con- 
siderably less than in the absence of previously adsorbed C,HsOH, The rate of dehydration of C,HsOH considerably 
increased in a number of cases, as could be ascertained both from a considerable increase in the total pressure of the 
reaction products, and from the ethylene content of the reaction products, 


Characteristics of the Al,Os, Catalysts Used 


Specific | Catalytic activity during dehydration in an 


surface adsorbed layer 
No. Method of preparation 
(m’/ g) E, E, 
kcal/mole} |kcal/ mole 
Precipitation with NH,OH from aluminum nitrate 

solution at constant pH 6,3 and temp, 20° 176 24,3 126 28,7 217 
2 | Hydrolysis of aluminum isopropylate at 20° 210 24,5 110 29.0 218 
3 | Precipitation with gaseous CO, from sodium 

aluminate solution at 0° 220 26,1 126 27.5 213 
4 | Precipitation with NH,OH from aluminum nitrate 

solution at 90°,** 195 14,2 110 26,0 217 
5 | Precipitation with bromine water from sodium 

aluminate solution at 60° 290 26.7 117 - - 
6 | Al,03 + (7%) precipitated with NH,OH 


from nitrate solution not determined 
7 |As for No, 3, another preparation 220 30.0 | 108 * 


*tg9 is the temperature at which the half-decomposition period T 9,, = 20 min. 
* *This catalyst was obtained from A, A, Tolstopyatovaya, whom the authors thank, 


We carried out further experiments which showed that the reciprocally related dehydration reactions described 


in [1) are particular cases of a more general relationship, namely the reciprocal effect of reacting molecules on the 
rate of their dehydration in an adsorbed layer. 


The characteristics of the aluminum catalysts which we used are given in the table (see [1] for procedures), 
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The dehydration kinetics in an adsorbed layer on the cited catalysts were studied for the following binary sys- 


tems and corresponding individual components (the numbers in parentheses designate the catalyst reference numbers): 


mm Hg 
' 
J 4 hr 


Fig. 1, Dehydration of iso-CgH7OH in an ad- 


sorbed layer on catalyst No, 7 at 110°; 1) pure 


iso-CsHyOH; 2) iso-CsHyOH + C,HsOH 


[0.3 (n.t.p.)/g]; 3) iso-C3HyOH + 


[5.3 cm* (n.t.p.)/g]; 4) iso-CsHyOH + 
+ [0.3 cm? (n.t.p.)/ 


mm Hg 98 
a 2 
H 
1 2 3 4 hr 


Fig.2, Dehydration of iso-CsH7OH on cata- 
lyst No, 6 at 120°: 1) pure iso-CsHyOH; 2) iso- 
CsHyOH + C,HsOH [5.3 cm! (n.t.p.)/ g]; 3) 


iso-CsH7OH + C,HsOH [3 cm! (n,t.p.)/g]. 


mm Hg (iso 
aor Se 
3 
9 
art (CyHs),0 + 
2 6 hr 


Fig. 3, Slowing down effect in the system 
ethyl ether — diisopropyl ether on catalyst 


No, 1 at 100°, 


a) iso-C3H7OH — ethyl alcohol (1,2,3,4,5,6,7); b) iso-CsH7OH — 
ethyl ether (3,5,7); c) iso-CsHyOH — methyl alcohol (1,2,3,4,5,7); 
d) iso-C3HyOH — water (1,2,3,5,7); e) iso-CgH7OH — isopropyl 
ether (1); f) iso-CgsH7OH — methyl ether (5,7); g) (iso-C3H7)20 — 
ethyl ether (1,2,4,7); h) (iso-C3Hz)gO — methyl alcohol (4); i) 
C,HsOH — sec-butyl alcohol (1,2,3); and j) C,HsOH — trimethyl- 
carbinol (1,2,3), 


The concentration of the first component I was constant 
[0.3 cm® (n.t.p.)/ g] in all these binary systems, and the rate of 
dehydration of I in the mixture was compared with its rate of de- 
hydration in the form at the same concentration, The concentra- 
tion of the second component II varied from 0,3 to 5,3 cm*(n,t.p.) 
per g in different experiments, 


In system a the rate of dehydration of I always decreased 
considerably in the mixture, whereas the rate of dehydration of 
II noticeably increased (four- to six-fold) in some cases, but some- 
times did not change. In this case, the reaction was substantially 
influenced both by the nature of the catalyst and the reaction 
temperature, and also by the conditions under which the catalyst 
was regenerated between experiments; sometimes the initial rate 
of dehydration of II was anomalously high and did not increase 
after introduction of I, After careful regeneration — heating in a 
current of air at 400°, followed by subjection for many hours to 
a vacuum of the order of 10-5 mm Hg at 400° — the phenomenon 
of reciprocally related dehydration of II was detected anew, If 
C,HsOH was introduced not before, but after, the introduction of 
iso-CsH7OH, when the dehydration of I was complete, ethylene 
generally did not form, or formed at the same low rate as it did 
on a fresh catalyst specimen, A very substantial role was also 
played by the concentration of adsorbed ethyl alcohol. Thus, on 
catalysts Nos, 5 and 7 the phenomenon of reciprocally related de- 
hydration was not observed in the presence of low concentrations 
of C,HsOH [0.3 and 1,2 cm? (n.t.p.)/ g, respectively], only a slow- 
ing down of the dehydration of the iso-C3H7OH being detected, 
whereas a clearly marked reciprocal effect occurred with a 
C,HsOH concentration of the order of 5.3 cm (n.t.p.)/ g, the rate 
of formation of ethylene noticeably increasing (Fig. 1), 


The phenomenon of reciprocally related dehydration was 
detected on catalysts Nos, 1, 2, 3, 4, 5, and 7 (in the latter case 
only at 120°, but not at 150°), In the case of dehydration of a 
mixture of I and II on catalyst No, 6 not only the rate, but also 
the whole character of the course of the reaction changed: the 
reaction product pressure curves for dehydration of I and I + II at 
120° are shown in Fig, 1, The drop in pressure in the second por- 
tion of curve 1, evidently, is explained by polymerization of the 
initially formed propylene, Reciprocally related dehydration of 
C,HsOH to C,H, did not occur in the I + II mixture, and the poly- 
merization of C3Hg also ceased, At the same time, the dehydra- 
tion of I slowed down considerably, and the half-decomposition 
period, 7), = 40-60 min, depended on the concentration of II. 
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A very considerable reciprocal slowing down of the reaction was observed in system b; the addition of I,which 
dehydrates relatively faster than does II, not only did not increase the rate of dehydration of the I + II mixture, but 
sometimes even made its rate slower than for pure ethyl ether, 


The presence of CH;OH in system c decreased the rate of dehydration of I, T),5, at 120°, increasing from 13 
to 14 min to 22-24 min on catalyst No, 4, or from 25 to 38 min on catalyst No, 5, It is interesting to note that on 
catalyst No, 4 methyl alcohol exhibited a smaller slowing down effect that did ethyl alcohol at the same concen- 
trations, whereas the reverse relationship was observed on all other catalysts, Evidently, the intermediate methanol- 
isopropanol complexes which form [1] on this catalyst are less stable than those which form on the other catalysts, 


Moderate concentrations [up to 1.5 cm? (n.t.p.)/ g] of water (system d) to all intents and purposes did not slow 
down the rate of dehydration of iso-C3H7OH, but a higher concentration [5.3 cm (n.t.p.)/ g] caused a 1,3- to 1,5- 
fold increase in Ts. Evidently, water simply blocks the most active catalytic centers, driving the iso-C,H7OH on- 
to the remaining unoccupied portions of the catalyst which have less adsorption and catalytic activity, but does not 
exhibit a slowing down effect, 


The following values of the half-decomposition periods were found for system e at 120°: T»5 = 9 min for I; 
To,5 = 20 min for II; and T),, = 12 min for I + Il. The kinetic curve for the reaction product pressure in the I + II mix- 
ture is almost exactly additive from the curves obtained for I and II separately, and in this case, evidently, there is 
neither reciprocally related slowing down nor acceleration, 


Methyl ether (system f) which, on its own, as would be expected, to all intents and purposes did not dehydrate 
under the reaction conditions in the adsorbed layer, exhibited a very strong slowing down effect on the rate of de- 
hydration of iso-C,H7OH. Thus, for example, even at a concentration of the order of 1 cm? (n.t.p.)/g on catalyst 
No, 7 at 110°, To,5 increased to 60 min, from 14-18 min for pure I. 


A wholly astonishing example of the strong reciprocal slowing down of two reactions, each of which takes 
place on its own at a relatively high rate, is the codehydration of (C2Hs),O and (iso-C3H7),0 (system g). Isopropyl 
ether dehydrated considerably faster than did ethyl ether on all the catalysts which were studied; therefore, when I 
and II were dehydrated separately, the total pressure of the olefin formed during a specific period was greater for 
(iso-C3H7),0, although the initial concentration of this ether on the catalyst was considerably less than that of the 
ethyl ether. In the case of the same I + II mixture with the same raw ether concentrations, the reaction slowed down 
so much that its rate did not exceed the rate for pure Il, The pressure stopped increasing after about one and a half 
hours in the case of the I + II mixture on catalyst No, 1 (see Fig. 1), i.e., the two reactions reciprocally suppressed 
one another, With regard to this, it should be borne in mind that the (iso-C,Hy),O, the amount of which did not ex- 
ceed 2-3% of the monolayer on the catalyst surface, completely stopped the dehydration of a seven times greater 
amount of ethyl ether. 


The presence of CH;OH in the case of the dehydration of isopropyl ether (system h) did not lead to a notice- 
able decrease in reaction rate: at 110° the respective values of T),, was 9 and 11 min, The different effect of 
CH,OH in the mixtures with iso-CgH7OH and (iso-C3H7),O (systems c and h) on the same catalyst confirms the opinion 
which we expressed earlier [2], that ethers do not appear as intermediate products during the dehydration of alcohols, 
and that the respective reactions proceed by different mechanisms and through different elementary stages, 


Reciprocally related dehydrations, although more feebly marked than in system a, were observed in a number 
of cases with system i: To,5 for sec-C,HgOH increased from 2-4 to 10-16 min, and the rate of ethylene pressure rise 
increased from 0,02 to 0,03-0,04 mm Hg/ hr. 


Finally, the dehydration of trimethylcarbinol in the presence of C,HsOH (system j) was not accompanied by 
ethylene formation, but only by an increase in the maximum pressure of isobutylene formed from I. This phenomen- 
on, which was particularly marked on catalysts Nos, 1 and 2, is similar to that described above for system a on cata- 
lyst No, 6, Evidently, on these catalysts a considerable portion (up to 50%) of the isobutylene, formed during the de- 
hydration of pure trimethylcarbinol, does not desorb, but polymerizes on the catalyst surface, The presence of the 
second component, as also in the case of system a on catalyst No, 6, slowed down the parallel polymerization re- 
action, 


Thus, the results of this work confirm the conclusion drawn earlier [1] that in dehydration reactions the react- 
ing molecules cannot be considered as isolated structures, the character of the changes of which are independent of 
the nature and number of other molecules simultaneously present in the adsorbed layer, If there are other substances 
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present which can dehydrate (different alcohols and ethers), or even if they only form (under the given conditions) 
superficial intermediate structures similar to those forming during dehydration (methyl alcohol and methyl ether), 

the rates of decomposition of isopropyl, ethyl, and sec-butyl alcohols, and also ethyl and isopropyl ethers, change 
considerably. Moreover, the rate of dehydration of the component which dehydrates most rapidly always decreases, 
and that of the more stable component either increases (reciprocally related dehydrations) or decreases (reciprocal 
slowing down). This phenomenon, in contrast to certain catalytic reactions in the liquid phase which are slowed down 
by the reaction products or by foreign materials, does not depend on competition for a place on the catalyst surface 
(since in our experiments all the components were originally present in the adsorbed layer), but is probably explained 
by interaction of superficial complexes with the formation of compound complexes possessing, under the reaction 
conditions, greater or less stability in comparison with the original complexes, 
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period [2]. 


— methane 


Fig. 1, Diagram of apparatus for impulse testing of 
catalysts:1)carrier gas cylinder; 2), 15), 16) fine con- 
trol valves; 3) mercury manometer; 4) catalyst column; 
5) Dewar flask; 6), 8) 4-way cocks; 7) chromatograph- 
ic column; 9) 147 ionization detector; 10) proportion- 
al counter for radioactivity measurement; 11) drying 
column (CaCl,); 12), 13), 14) flow meters, 


THE DEHYDROGENATION OF CYCLOHEXANE OVER SOME 
CARBIDE, BORIDE, AND SILICIDE CATALYSTS 


G. A. Gaziev, O. V. Krylov, S, Z. Roginskii, 
Corr. Member AN SSSR E. A. Fokina, and M. I. Yanovskii 
Translated from Doklady Akademii Nauk SSSR, Vol. 140, No, 4, 


It is well known that solids possessing electron conductivity are the typical catalysts for oxidation-reduction 
reactions [1], It has recently become possible to extend this rule, which has been demonstrated for metals and for 
oxide and sulfide catalysts, to new types of semiconductors — the isoelectronic analogs of the elements of the fourth 


At the present time compounds of the transitional metals with metalloids such as nitrogen, carbon, silicon, and 
boron are being studied and used widely as electrotechnical and abrasive materials [3]. An examination of the pos- 
sibility that the mle mentioned above might extend to this class of materials appeared to be interesting, The cor- 
responding carbides and borides are closest to the metals in their properties while some silicides (chromium, man- 


ganese, and rhenium) show semiconductor properties [4]; 
some nitride phases also fall into the semiconductor cate- 
gory [5], especially the nitrogen alloys of metals in the 
region where the corresponding nitride phases are homo- 
geneous, 


Until recently the carbides, silicides, borides, and 
nitrides of the transitional metals have hardly been studied 
in this connection, Studies concerned with the carbides 
and nitrides of iron and cobalt [6] associated with research 
on ammonia synthesis and Fischer-Tropsch hydrocarbon 
synthesis are an exception, Dowden suggests [7] that carb- 
ides, nitrides, and carbonitrides should be less active than 
the corresponding transitional metals since, according to 
his conception of the role of unfilled d shells in catalysis, 
the latter are filled in this case, 


The dehydrogenation of cyclohexane, as it is typi- 
cal of transitional metals, was chosen as the model re- 
action, It is also well known [8] that this reaction pro- 
ceeds in the presence of some transitional metal oxides 
although at higher temperatures and with a higher activa- 
tion energy. The chromatographic technique was chosen 
in order to expedite the experiments, The essential 
features of this technique are as follows, A flow tube 
packed with the catalyst was continuously purged with a 


carrier gas (Ar) and maintained at the reaction temperature, A sample of unsaturated cyclohexane vapor in argon 
was admitted into the upper portion of the catalyst tube by means of a jet. A chromatographic column 2,5 m long 
packed with refractory brick (particle size 1 mm), impregnated with dinonylphthalate (15% by weight), and a prom- 
ethium 147 ionization detector were located immediately after the catalyst tube, Traces of the chromatographic 
analysis at the outlet were obtained on a EPPV-51 recording potentiometer having an input resistance of 1,5 ohms, 
A diagram of the apparatus is shown in Fig, 1. The impulse chromatographic technique for following catalytic re- 
actions enabled a quantitative analysis of the dehydrogenation of cyclohexane to benzene to be carried out. 
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It has been shown [13,14] that the experimental data* offer confirmation, by virtue of the fact that there is a 
linear relationship between In 1/(1— x) and Pj/ W, that the reaction is first order (x is fractional conversion, W is the 
gas velocity, Pj is the pressure at the inlet of the catalyst column), The relationship between InIn 1/(1— x) and 
1/T enables the energy of activation for the given conditions to be evaluated, The specific surface of the catalysts 
was determined by the chromatographic technique [9]. The surface area of ZrB, was checked by the volumetric 
method using krypton adsorption (2,4 m?/g) and the surface area of CaO determined by heptane adsorption was equal 


to 48 m?/g, which is in good agreement with the value obtained by the chromatographic method (2.4 m?/g and 42 
m?/g, respectively). 


Specific surface, 


Weight of E, x* 
sample in catalyst | kcal/mol | at 500° 
column, g 


at start 
of reaction 


Resistance Pp, 


Sample microohms/ cm 


TiB, 0.6 5.8 600 
Z1Bp 2.4 13,4 650 
CrB, 2.9 1,4 600 
1.4 3.5 
LaBg 0.5 8.4 400 
GdBg 1.4 3.0 
TiC 1,2 5.5 
ZC 1,1 1.5 50.0 
Mo,C 2.2 5.8 71.0 
W,C 1,1 9.7 “ 


14,4 
16.6 
56.0 
43.0 
16,1 
140.0 
52.5 


wc 0.4 


MoSi, 
V3Si 
Mo,Si 
CaO 
Alumo- 


0.2°° 
42.0 
260,0%** 


11,5 
8.6 
1,8 
1,2 
1,3 


1.5 


18,7 

9.7 
19.8 
11,2 
21.6 


19,2 
21.6 


sil ca- 
talysis 


*X corresponds to a constant argon flow rate equal to 20 cm*/ min, 
* *By krypton adsorption, 
* * *By cyclohexane adsorption under static conditions, 


The dehydrogenation of cyclohexane was also studied with some of the samples under static conditions under 
vacuum, The initial pressure was 1,5 mm Hg, the catalyst charge was 2 g, and the volume of the system 200 ml, 
In the dehydrogenation of CgHj, a rise in pressure occurred during the course of the reaction, Gases (in the reaction 
products) which did not condense out in a liquid air trap were recorded and hydrogen was determined separately as 
gas which passed through a heated palladium capillary, The results of trials using the chromatographic technique on 
some borides, carbides, and molybdenum silicide are shown in the table, The electrical resistance of these samples 
are quoted from the data given in [1] in the same table, 


The chromatograms for the dehydrogenation of cyclohexane over Mo,C at 486° and 530° are shown in Figs, 2a 
and 2b, The fractional conversion was determined from the chromatogram by the ratio of the area under the benz- 
ene peak to the sum of the areas under the benzene and cyclohexane peaks, 


It was shown by specially conducted experiments that cyclohexene was not present in the reaction products, * * 


Experiments on the dehydrogenation of cyclohexane under static vacuum conditions showed satisfactory agree - 
ment with the chromatographic runs, Kinetic curves for the dehydrogenation of CgHy, over Mo,C at an initial pres- 
sure of 1,4-1,8 mm Hg and temperatures of 300-500° are given in Fig, 3, The figure shows that these curves become 
reasonably linear when plotted on the coordinates In[Pp — (p/ 3)] against t, which indicates that the reaction kinetics 


* Part of the measurements were carried out by L G, Galkina and Liu Chzhun-khue, to whom the authors express 
their gratitude, 


* *Cyclohexene was kindly supplied by G, V, Isagulyants, for which we acknowledge our indebtedness to him, 


0.65 300 

0,25 300 

0.076 400 

0.08 450 

| : 
738 


3 
< 


n 


potentiometer 
reading 
potentiometer 
reading 


6 


Fig, 2, Chromatograms of the products obtained by passing CgHy» 


vapor in an argon stream over Mo,C: a) 486°; b) 530, Ar flow 
rate 20 min, 


1 1 


ue 
Fig. 3, Kinetic curves for the dehydrogenation Fig. 4. Relationship between the logarithm of 
of cyclohexane over Mo,C at an initial pressure the first-order velocity constant and the recipro- 
of 1,4-1,8 mm Hg. cal of temperature for the dehydrogenation of 
CgHy2 over Mo,C, 


conform to a first-order equation, An Arrhenius plot, the slope of which indicates that the activation energy is equal 
to 14,2 kcal/mol, is constructed from these data in Fig. 4, A similar calculation for ZrC yielded a figure of 11 kcal 
per mol. Comparison of these figures with the data of the table reveals that these figures are somewhat higher (by 
2,5-3,0 kcal) than the corresponding values in the table, but the relative values are in approximately the same ratio. 
The first-order reaction rate constant at 500° is 1.6 10°? min“! for Mo,C, 2.3* for ZrC, and 1+ 
min“! for TiB,. Thus, the order of magnitude of the activities in tests by either method is the same, The data show 
some divergence with respect to the composition of the reaction products, Thus, for example, after analysis of the 
reaction products from the low-pressure runs over Mo,C the amount of gas which did not condense in the liquid air 
trap remaining after passage through the palladium capillary was 0,8% at 350°, 1.5% at 400°, 14,8% at 500°, and 
16,1% at 550°, i.e,, at low temperatures it is practically only the dehydrogenation of cyclohexane to benzene which 
occurs, but at a high temperature a portion of the cyclohexane cracks, possibly to CHy and C,Hy. On the other hand, 


according to the chromatographic data the proportion of the Cy—C, fraction, which forms about 5% of the total yield 
at 460°, falls slightly with increase in temperature. 


Partial sintering and a change in the structure of the surface layer as determined by electron diffraction was 
observed with TiB, after reaction, although the TiB, structure as determined by x-ray analysis was preserved, 


The data obtained show that the series of catalysts tested possess high activity for the dehydrogenation of cyclo- 
hexane, comparable with the activity of the transitional metals, The reaction occurs in the same temperature range 
and at approximately the same rate, As in the case of the metal catalysts, dehydrogenation to benzene occurs, where- 
as, according to Balandin [10], cyclohexene may be formed with certain oxide catalysts, Their electrical conductiv- 
ity and, in many cases their crystal lattices, are similar to those of the transitional metals, The activation energies 
for CgHy, dehydrogenation are low (4,0-18.7 kcal/ mol) which is also typical of metals, Considerably higher activa- 
tion energies are observed in the case of oxides: 25-40 kcal/mol [8,10,11], Runs carried out over 0,5% Pt supported 
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on Al,Og, with the chromatographic system showed a higher activity than Pt catalyst, and indicated that the reaction 
could be carried out at only 80°, 


In comparing the activity data for the substances investigated the high activity of the carbides and of molyb- 
denum silicide, and the low activity of the borides merit attention, The latter may be explained by the fact that the 
d electron levels of the transitional metals are statistically filled by electrons of the readily ionized boron atom [12]; 
in the case of carbides, the higher ionization potential of carbon leads to a reduction in the degree of filling of the 
d electron levels of the transitional metals, this reduction effect becoming increasingly apparent the fewer the num- 
ber of unfilled orbits in the d level, which is characterized by the ratio 1/ Nn, where N is the principal quantum num- 
ber for the d level, and n is the number of electrons at that level [12]. In this sense, the marked rise in cyclohexane 
conversion x in going from TiC and ZrC (1/ Nn = 0,167-0,125) to Mo,C (1/ Nn = 0,050) is characteristic, The further 
rise in activity in the case of molybdenum disilicide may be due to the formation of a significant proportion of co- 
valent Si-Si bonds and a corresponding reduction in the probability of filling the d electron levels of the molybdenum, 
In going from MoSi, to MoSis, cyclohexane conversion x falls sharply due to the reduction in the proportion of silicon, 
in the number of Si-Si bonds, and in the enhanced valence electron acceptor properties due to these bonds, In the 
case of V,Si, ‘he V atom possesses a high proportion of unfilled d shells and for this reason gives a relatively high con- 
version, 


A possible reason for this connection between activity and the electronic properties of the solid state may be 
the transfer of 1s-electrons by hydrogen atoms to the vacant electron levels, 


Experiments specially conducted by the authors have shown that Mo,C, ZrC, WC, and MoSi, are also active 
catalysts for the dehydrogenation of alcohols, 
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The burning velocity of a powdered and porous high explosive suddenly increases when the pressure increases 
above a certain critical pressure with the “disruption” of normal burning conditions [1,2], This phenomenon fs usual- 
ly connected with the eruption of hot combustible products into the pores of the high explosive by the action of the 
so-called dynamic increase of pressure over the burning surface [1,2]. 


Normal flame propagation is possible if the characteristic dimensions of the surface roughness 6 is substantially 
less than the effective width of the combustion zone 1 (5<<J ), If the diameter of the surface roughness exceeds the 
effective width of the chemical reaction zone (5 > I ), then the linear flame propagation velocity may significantly 
exceed the normal burning velocity, because burning occurs over a large area of roughness and pores, A qualitative 
examination of this problem was carried out in an earlier work [2], The critical condition for the description of the 
regime of normal burning may be written in the following form: 


6/l = 6 = const. (1) 
The constant b may depend on the shape and type of roughness and the properties of the high explosive, Sub- 


stituting the expression for the width of the combustion zone given by Zeldovich [3] in the equation developed by 
Andreev [1], we shall obtain the condition for disruption of the regime of normal burning 


uc d5BP*c 


where Pu is the mass burning velocity, P is the pressure, B and v are constants, Cp is the specific heat, and A is the 
coefficient of thermal conductivity. 


If the high explosive in question has continuous pores, then the value of the roughness may be determined know- 
ing the porosity m and permeability k: 6 = df k/m, The value of d aigety depends on the pore shape [4] (so-called 
ideal soil), Condition (1) now takes the form 
(3) 


The burning velocity and pressure at which the description of normal rie conditions occur equal 


It is found that an increase in the burning velocity and dimensions of the pores facilitates the disruption of 
normal burning, which agrees qualitatively with experiment [1,2]. 


It is quite obvious physically that an intense oscillation of pressure favors the penetration of hot gases into the 
pores of the high-explosive charge burning with the velocity u. In order to investigate this phenomenon, unidimen- 
sional equations of motion and continuity of the gas in a porous medium are used: 


a av F) 


t (pv) = 0, 


i 
’ 
. 
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where x is a coordinate, t is the time, 1 is the viscosity, v is the velocity of the gas, The boundary conditions are: 
P = Py coswt + Py with x = ut; P = Pp with x =—™, 


We shall solve the problem for smail variations in pressure and gas density, For an exact solution of the prob- 
lem it is necessary to describe the equation of state of the gas and the law of heat and mass transfer of the gas with 
the surrounding medium, For simplicity we shall confine ourselves to the case of polytropic and isothermal permea- 
tion, In general, with a varying pressure the burning velocity will vary, but up to the present no attention has been 
paid to this problem, 


In the limiting case when the viscous forces significantly exceed the inertial, we shall obtain the following 
criterion for the permeation of gases in a burning compound: 


P 


with YN >> 1 and M‘N? << 1, Here M = u/a, where a is the velocity of sound in the permeating gas; N = 

= 2wa*pyk/u*mu, where w is the frequency of oscillation, P9 is the average density of the gas, Under isothermal 

conditions N = 2 Ppkwu’mp, It is obvious that an increase in amplitude and in the frequency of oscillations favors 
an inrush of gas into the pores of the high explosive [under exactly the same conditions, Eq, (6) takes the form of 


Ls = const]. 
Po 


The permeation of the gases considerably affects the burning when they penetrate sufficiently deeply, at a 
depth S, This value S must be proportional to a definite width of the heated layer! , The coefficient of proportion- 
ality must depend on the conditions of heat transfer and the ignition of the high explosive, Evidently this coefficient 
of proportionality increases with an increase of the permeability and porosity of the charge, 


The depth of the permeation S of the gases in the burning compound is of the order S ay u). We shall 


describe the conditions for the permeation of gas at the depth S as follows: 


(7) 


The minimum amplitude of the oscillations (P,/P))min, required for the permeation of the gas at the depth S is ob- 
tained at the frequency 4: 


2nu P,\ 2 V2 
min VN (@1) 


If S=1, then 


where « is the thermal diffusivity of the high explosive, The most hazardous period of oscillations for the gas to 


penetrate the depth of the heater layer is approximately equal to the relaxation time of the hot layer of burning high 
explosive, 


At each value of the pressure Pp there is an optimum frequency of oscillation w, which is the most advantage- 
eous for disruption of normal burning. The physical measuring of this optimum frequency lies in the fact that an in- 
crease of frequency facilitates the penetration of gas into the burning explosive, but at too high a frequency the gas 
only permeates into the fine surface layer of the high explosive, 
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In the paper [1] dissolution of germanium was discussed under the assumption that the semiconductor kept in 
the electrolyte has an infinite length, We will give a further extension by discussing dissolution of germanium in the 
case where the length of the semiconductor is comparable to, or shorter than the diffusional length. Such investiga- 
tions have been carried out by several experimenters, for instance in the studies [2] and [3]. Therefore, it makes 
sense to carry out calculations for this case, One may even hope that by studying the dissolution of semiconductors 
with a finite length one will get a further clarification leading to an understanding of the dissolution kinetics of semi- 
conductors, In fact, as we will see further on, the limit current depends upon the sizes of the semiconductor, The 
value of the limit current is related to the magnitude of r/ m [1], that is, to the ratio of the number of electrons and 
holes liberated or consumed when a germanium atom is transferred to the solution, By comparing theory with experi- 
ment one may be able to study the extent to which electrons and holes participate in the reaction as a function of the 
various physical characteristics, for instance, as a function of the magnitude of the electric fields in the contact, etc, 


In the following we will discuss the one-dimensional problem, We take the x axis perpendicular to the germ- 
anium-electrolyte boundary, We will assume that the plane x = 0 corresponds to the said boundary, The region 


x < 0 comprises the electrolyte, and the region x > 0 represents n-type germanium, In the plane x = w there is an 
ohmic contact, 


In accordance with [4] and [5] we will characterize the ohmic contact by the magnitude of the surface recom- 


bination rate, In other words, we will assume that the hole current passing through the ohmic contact is given by the 
relation 


ip = e (p(w) — pal S, (1) 


where e is the absolute value of the electron charge; pp is the hole concentration in the homogeneous semiconductor 


at equilibrium; p(w) is the hole concentration in the plane of the ohmic contact; S is the rate constant of surface re- 
combination, 


The region adjoining the ohmic contact is uncharged and in this region the minority carriers move by means 
of a diffusional mechanism, Therefore, we have the following equation, which relates the hole current to the gradi- 
ent of the hole concentration in the diffusional region: 


(2) 


Here D,, represents the diffusion coefficient of the holes in the diffusional region, When the holes travel through the 
diffusional region there takes place recombination of holes, As usual, this process is described by the equation 


(3) 


where Tp is the half-life of the holes, and dp/ dt is the number of holes recombined per unit time. 


dp 
jp = = 
Op P= 
at t, = 
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The continuity equation for holes has the form 


By using (2) we get 


Py —P 
Dy = (5) 


Equation (5), which is of the second order, determines the way in which the hole concentration changes along 
the semiconductor, Its solution contains two arbitrary constants, and in order to determine the latter constants we 
must specify the boundary conditions, 


In the plane of the ohmic contact, ees the following relation must be fulfilled: 
—eD, e[p(w) — p,] S. (6) 


Equation (6) is a boundary condition for our problem, In order to describe the hole distribution in the Debye 
layer adjoining the contact we must apply the equation 


jp = Cup pE —eDy 5 


(7) 


At the contact the germanium surface is highly enriched in holes, Since the change in hole concentration takes 
place over distances of the order of 10™ cm, the gradient of the hole concentration is high and, therefore, the diffu- 
sional currents are always great in comparison with all jp currents applied in electrochemistry, and these latter cur- 
rents may be neglected, By substituting jp = 0 into Eq, (7) we at once find that the holes are distributed according to 
Boltzmann's law, These considerations allow us to relate the hole concentration in the contact to the concentration 
at the boundary of the diffusional region, 


In accordance with the considerations above, at equilibrium we have the relation 


p, (i =0) =p,e-**", (8) 


where py (j = 0) represents the equilibrium hole concentration at the contact with the electrolyte, Y the equilibrium 
potential difference occurring in the semiconductor, 


When an external potential u is applied , a current j begins to flow through the system, The concentration at 
the contact is related to the concentration p(xq) at the boundary of the quasi-neutral region by means of the equation 


P, (/) = p (x u)'kT (9) 
When eliminating ece/ kT by means of the relations (8) and (9) we get 


Pp i) AT 
p(x.) = (10) 


Relation (10) is that boundary condition of Eq. (5) which takes into account the germanium-electrolyte contact, 


Just as we did in [1], we assume that in the Debye layer the recombination of electrons and holes is unimport- 
ant, Then, evidently, we have the equality 


ji, (x =0) =j, (11) 
which means that the hole current does not change when it passes through the Debye layer. 


The solution of Eq. (5) with the boundary conditions (6) and (10) is of the form 


D, ch —SL, 
1] “p (12) 


w w 
D,ch + SL, sh 
Ly p L, 


Pp (i) 
(i == 9) 


P(x) =p, +P, 


dj, 
dx 
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By means of the equations (2) and (12) one may find the hole current in the point x = xz. We have 


Pr (i) 
i, = i, =0) — (a3) 


where j, is determined by the formula 


When deriving the relations (13) and (14) we made use of the fact that xg << Lp. Xa << W. 


In order to get the polarization curve we must find out how the over-all current j depends upon the total ap- 
plied voltage. In this it should be kept in mind that the total potential » is equal to ¥ = u+Ay,, where Ay, is the 
potential drop in the Helmholtz part of the double layer, 


In accordance with [1] we will assume that the ratio of electron-to-hole current has a fixed value, that is, we 
will suppose that the following relation is satisfied: 


dp O) (0) r 
ie 7,0) m ’ (15) 


where je represents the electron current, Hence we get 


O (16) 
where j is the total current passing through om ahs 


By means of the relations (13) and (15) we may find out how the over-all current j depends on the potential 
drop in the semiconductor, For the potential we have the relation 


cu In (i) 


In order to obtain the total potential drop we must still add the potential drop in the Helmholtz region, This 


potential drop Ay, is related to the over-all current by means of the following equation found by the theory of the 
retarded discharge [1]: 


— il 


By determining Ay, from this relation, and adding it to the left part of Eq. (17), we find the total potential drop: 


Py (i) j r 


Strictly speaking, Eq. (18) is the polarization characteristic for anodic dissolution of germanium, In fact, it 


may be shown that, generally, the magnitude of rey changes little in comparison with the first and the third 


terms, This may be done by investigating the behavior of holes in electric fields in the Debye layer, 


We will now go over to discuss the polarization characteristic, At small currents where |j/j,| < 1 one finds 
a logarithmic relation between the current and the voltage, that is, the usual law of Tafel is found, 


Since the current j < 0, the presence of the third term points out that there exists a limit current, the value of 
which is equal to: 
D, sh ‘+ SL, ch 


m pPn 

inimie= (1+ +) 

p 


(19) 


It may be found how the current limit depends on the distance at w+”, In this case, the formula for jjjmit 
has the form 


Pn 


w w 
D, sh + SL, ch 
w w 
P ch = SL. sh — 

p L, p 

a 
|- SL, sh : 
p 
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This relation coincides with the result obtained in [1]. 


In the limit case w << Ly the hyperbolic sines and cosines can be expanded into serfes, and for the limit cur- 
rent we get the equation " 
+ SL, 
Di, + sw (20) 


18) 


At S + ~ the limit current converges to the value 


p 


(1+ *) 


L, 
At small values of S, Eq. (19) can be expanded into a series and we find: 


m eD w SL, 
p p D ch? 
ky 
The derived equations determine the limit current in the various cases, 


In conclusion, the author expresses his gratitude to V, G, Levich, Corr, Member, AN SSSR, for valuable dis- 
cussions, 
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The exceptionally high stability of oil emulsions of the type “water in oil,” as is well known, originates be- 
cause they are highly stabilized by their structural surface layers of natural emulgators with a very complex composi- 
tion, which embrace both surface-active and inactive components: naphthenates, resins, asphaltenes, and particles 
of highly disperse solid phases, For this reason the most general physicochemical method of breaking such emulsions 
consists of letting them be attacked by surface-active substances which, while being adsorbed on the surface of the 
boundary between a droplet and the surrounding medium, as a result of this adsorption or by making the surface more 
hydrophilic, expel the protective shell and thereby upset the stability of the emulsion [1-3]. 


Therefore, a deemulsifier will be effective only if, on the one hand, its surface activity is sufficiently high and, 
on the other hand, it has a considerable wetting ability in aqueous solutions, that is, it must have properties which in 
many cases are not combined in one and the same surface-active substance, This fact, obviously, also explains the 
difficulties arising when one tries to select effective deemulsifiers even among highly surface-active substances or 


to develop methods for the evaluation of the deemulsifying effect; because of this, the said methods bear an empiri- 
cal character, 


Therefore, as the most general method for such an evaluation it is appropriate to use measurements of the 
structural mechanical properties of adsorbed emulgator layers which stabilize inverse emulsions, and to study their 
changes effected by deemulsifiers [4]. The results of such measurements, evidently, should grossly characterize the 
changes in the properties of the emulsion systems, as arise when a deemulsifier interacts both with the surface-active 
and the inactive components of the protective films, 


At the same time such measurements enable one to evaluate the structural mechanical properties of adsorbed 
layers of the deemulsifiers themselves, and this is essential because, if these properties are sufficiently sharply de- 


veloped, not only the emulsion may be broken, but it may even be inverted under formation of an emulsion of the 
first type. 


In the present study, by means of a standard SNS-2 equipment (designed for investigating the rheological prop- 
erties of clay suspensions) which we have specially adapted for our measurements we have measured the stability [the 
two-dimensional shear stress limit (P,,)] for adsorbed layers formed from one sample of the “black” emulsifier of 
oil emulsions, which, by means of the procedure [6] was isolated from a mixture of oils originating from the north- 
eastern deposits in the USSR and processed in the Gur'ev oil distillation plant. The oil phase of the emulsion con- 
sisted of a 0,1% solution of the emulgator in a 1:1 mixture of vaseline oil and xylene, the water phase contained 10% 
NaCl and various amounts of deemulsifier; as the latter we used the nonionic surface-active substance OP-10 and 
two brands of saponins (Kahlbaum and Baker), which form adsorbed layers of a high and a low stability, respectively 


[7]. The interphase surface tension, which was equal to 45.3 erg/ cm’, decreased very little in the presence of the 
emulgator and amounted to 44,2 erg/ cm’, 


Pm was measured in the following way. The glass disc of the apparatus was suspended to the spring fiber in 
such a way that it intersected the boundary between the two liquids kept in the vessel which, together with the spe- 
cial little table, could be rotated at a constant velocity (0.2 rpm). In each experiment the rotation was continued as 
long as the increase in the torsion moment of the fiber did not result in breaking the interphase layer at the stress 
corresponding to the limit value Pry [5]. After the breaking, the structure of the adsorption layers of the systems 


4 
. 
aa 
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studied was thixotropically reestablished so rapidly (the stress relaxation time did not exceed 10-20 sec) that we were 
able to measure successively, at first during one minute and later during 30-60 min, beginning with very small values 
of the time (T~ 1 min) during which the layers existed 

up to T~ 10 hr and more, when a protective film had 
been formed (see figure, curve 1), 


In the figure curves of Pm = f(T) are given for the 
adsorbed layer of the original black emulsifier on the 
boundary between its 0,1% solution in the hydrocarbon and 
a 10% solution of NaCl in water (curve 1), and for mixed 
adsorbed layers formed from this same emulsifier and a 
deemulsifier (OP-10 or saponin) added to the water phase 
in various concentrations (curves 2-7), The shape of 
curve 1 points out that the high stability of adsorbed layers 
of the “black” emulsifier (maximum value of Pm ~ 1 d 

logt (min) per cm) results from their colloidal structure, which is 

formed after a long time and meanwhile has the tendency 
Curves of Pm = f(T) for adsorbed layers of the "black" _to a rapid thioxotropic recovery, as follows from the con- 
emulsifier in a 0.1% solution in a 1:1 mixture of ditions which we used to measure Pr (at destruction of the 
vaseline oil and xylene on the boundary with a 10% adsorbed layers formed), This texture, obviously, has a 
solution of NaCl in water with or without a deemulsi- complicated polymolecular structure analogous to that of 
fier, 1)-5) OP-10 in the concentrations 0, 0.05%, protective monolayer films on the droplets of those emul- 
9.1%, 0.25%, and 0.5%, respectively; 6) “Baker” sions which are stabilized by disperse (noncolloidal) solid 
saponin 0.5%; 7) "Kahlbaum" saponin 0.5%; 8) emulsifiers [5]. Just such a structure is responsible for the 
"Kahlbaum" saponin 0,5%, solution without emulsifier, | exceptionally high stability of the emulsifier layers, which 

by at least three orders of magnitude exceeds the stability 
of adsorbed layers of the usual surface-active substances on a boundary between two liquid phases, As the concentra- 
tion of the deemulsifier OP-10 in the water phase is raised from 0,05 to 0.5% (curves 2-5), there takes place not only 
a sharp (by 2-3 orders of magnitude) successive lowering of Pm, but also a regular change in the shape of the curves, 
Because the deemulsifier particles become ever more hydrophilic, the protective film formed from them is gradually 
destroyed and looses its ability to stabilize, so that the stability of the emulsion is lowered, 


Log (d/ cm) 


> 


In good agreement with these data on the stability of interphase layers are the following results, obtained by 
measuring the stability of emulsions (at 70°) formed by shaking a solution of the “black” emulsifier in the oil phase 
with the water phase (volume oil:velume water = 3:100) containing 10% NaCl, together with the deemulsifier OP-10 
(the stability was characterized by the time t required for the separation of half the amount of the emulsified water) 


Concentration of the "black" emulsifier in the oil phase, % 0.1 0.1 0.1 
Concentration of OP-10 in the water phase, % 0 0.25 0.5 
Time required for the separation (t), min 2-10° 2+107 6+ 10 


It is important to note that the destruction of the protective emulsifier film proceeds, as it interacts with the 
molecules of deemulsifier-wetting agent and, consequently, this destruction requires time, Therefore, under non- 
equilibrium conditions the water which gradually separates upon shaking the system, if there is enough of it, may 
form an external phase of an emulsion of the first type (oil in water) and then a multiple (mixed) emulsion originates 
[8], containing both types of emulsions in various volume ratios (dependent on the intensity and the duration of the 
stirring and on the water content), However, here the stabilization ability of the deemulsifier is of decisive import- 
ance, 


If the structural-mechanical (stabilizing or structural- viscous) properties of its adsorbed layers are very weakly 
developed, as is the case for the highly surface-active deemulsifier OP-10 (the surface viscosity of the saturated layer 
in its 0,5% solution is of the order of magnitude of about 10° surf. poise, and the surface tension of its solution o is 
about 30 erg/cm?), then the hydrophilization of the "black" emulsifier particles results in decreasing Pm to its low- 
est value and the destruction of the original emulsion takes place without formation of an oil-in-water emulsion (see 
curves 4 and 5), 


When the saponins, which are much less surface-active substances (their 0.5% solutions have practically the 
same lowered limiting 0 = 40 erg/cm?) are used, they are found to have a different effect dependent on the 


hy 


structural-mechanical properties of their adsorbed layers, According to the data of [7], the surface viscosity of 0.5% 
solutions of saponins varies over seven orders of magnitude lying between 10°* and 10* surf. poise. 


In agreement with this, as is evident from the figure, the first of the saponins has a relatively weak effect on 
the behavior of the original emulsion (curve 6), it somewhat lowers Pm but does not change the S-shape of the Pm = 
= f(T) curve, which shape is characteristic for the "black" emulsifier, and thus the latter, to a considerable extent, 
preserves its emulsifying properties, Because of this, in the said case the emulsion of the inverse type, as is obtained 
from various volumes of the water and the oil phase, is only partly broken and a multiple emulsion is formed, 


In agreement with its high stabilizing properties, the "Kahlbaum” saponin behaves quite differently, As can 
be seen (curve 7), it completely changes the shape of the Pm = f (T) curve: the linear relation, which is analogous 
to the curves 4 and 5 for OP-10, indicates that the colloidal structure of the “black” emulsifier is completely driven 
out from the boundary surface by a monomolecular saponin layer, At the same time, the values of Ppp are practical- 
ly identical to that characteristic for an adsorbed layer of the pure saponin (Pr, ~ 1 d/cm), as is found when the 
"black" emulsifier is absent (see curves 7 and 8); this gives a reason to draw the conclusion that, in the present case, 
the saponin causes an inversion of the phases and the formation of a highly stable emulsion of the first type. 


So, by measuring the structural-mechanical properties of interphase layers one is able, in fact, to characterize 


graphically the changes as occur in the stability of oil emulsions of the inverse type, when these emulsions interact 
with deemulsifiers, 
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The existence of a long-life HO, radical has been postulated in a great number of oxidation reactions, With 
the development of new experimental techniques it has been shown that the HO, radical indeed exists, Thus, Foner 
and Hudson showed [1], by means of mass spectroscopy, that HO, is formed 
in the reaction of H with molecular oxygen, The H atoms were generated 
by electric discharge in Hp. If the elementary reactions of the HO, radi- 
cal are to be studied, there is a need to develop a method simpler than 
mass spectroscopy for the detection of this radical, The electron para- 
magnetic resonance (EPR) constitutes such a method, We could find no 
record in the literature that an EPR signal has been observed which could 
be positively attributed to the HO, radicals, In our experiments, the HO, 
radicals were generated by the reaction of H atoms with O, molecules at 
room temperature, under jet-stream conditions, and at a total pressure of 
60 mm Hg. The linear jet velocity was 90 cm/sec, The H atoms were 
generated by silent discharge in an ozonizer tube filled with H,. This 
tube was connected with the reaction vessel through a nozzle, Molecular 
oxygen was introduced into the vessel beyond the nozzle, The pressure 
dependence of the rate of formation of HO, radicals revealed that the re- 
action is trimolecular or, in other words, that it takes place in the gas 
; phase, A detailed description of our apparatus and the results of our kin- 
etic investigation of the reaction H + O, + M will be published at a later 
The EPR spectrum of HO, radicals frozen date, The HO, radicals were frozen in a thin tube cooled with liquid ni- 
at 17°K. trogen, The cold zone started about 4 cm beyond the point at which H 
and O, were mixed, After the reaction was over, the tube was sealed off 
and transferred, together with the cooling vessel, to the EPR machine. * 
The EPR spectrum was recorded on an IKhF-2 three- centimeter radiospectrometer with double modulation of the mag- 
netic field [2]. In the figure we have reproduced che EPR spectrum of the HO, radicals generated in the gas phase 
and frozen at 77°K, One can readily see that the signal is unsymmetrical, The total signal width between points A 
and B is 23-26 oersted, The g factor of the HO, radical is practically the same as that of diphenylpicrylhydrazyl. 


If the vessel was allowed to warm up and then cooled again at 77°K, the signal would disappear, In experi- 
ments where no oxygen was added (control experiments) no signal appeared, In addition to recording the EPR spectra, 
we also carried out a chemical analysis of the reaction products, In experiments where the EPR signal of HO, radi- 
cals was observed, H,O, could be detected soon after the tube was opened, H,O, was absent in control experiments 
where no signal was observed, 
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The rectifying action of the oxide film on semiconductor metals is currently either attributed to a p-n transi- 
tion in the film [1,2] or to a space charge in the oxide film and processes occurring at the oxide— electrolyte bound- 


ary [3-9]. 


The postulated p-n transitions in the oxide film have been confirmed experimentally by Smith [10], Vermilyea 
[11], and L, Young [6]. These workers, however, failed to consider the effect of electrolyte on these processes, 
Schmidt [12,13] explained the conductance in the oxide film observed after cathodic polarization of the electrode 
by postulating that protons from the electrolyte penetrate the film and give rise to a large number of carriers, The 
postulated space charge in the film and the barrier at the oxide— electrolyte boundary would indicate that by altering 
the potential at this boundary one should be able to change considerably the electrophysical properties of the entire 
film, Despite the great importance of data relating the resistance of films to the potential at the oxide— electrolyte 
boundary, all attempts to get this information in order to clarify the rectification mechanism have so far failed, 


The method commonly used for investigating the effects of voltage on the properties of an electrode-solution 
boundary (in which a polarization current is applied to the electrode) cannot be used in this case, for should a cur- 
rent flow through the film it would be impossible to separate the potential drop at the phase boundary from the drop 
caused by the ohmic resistance, Moreover, one should remember that in the over-all potential difference at the 
electrode-solution boundary (which may attain several hundreds of volts during anodic polarization) the contribution 
from the voltage drop at the oxide-solution boundary {is small and cannot be determined with sufficient accuracy, 


To isolate from the total potential drop at the electrode-solution boundary only the component representing 
the oxide-solution boundary we investigated the resistance R and capacitance C of an oxidized zirconium electrode 
as a function of the potential of a redox medium, In this case we could assume that any change in the electrode— 
solution voltage will correspond to the change in the oxide-solution voltage, since the potential drop in the film re- 


sulting from resistance (iR) can be neglected when the voltage is measured in an apparatus with low current require- 
ments, 


The zirconium electrode (99.8% Zr; 0.02% Si, Al, and Fe; 0.01% Be) consisted of a 1 mm wire 2.5 mm in 
length which was anodized at 0° by a 260 1 amp/ cm? current in 0,2N H,SQ4. The film width was calculated from 
the capacitance C (determined in 0,2N H,SO, at 400 cps) by using the equation 


8 & 


For the dielectric constant € we took the value of 20 [14,15], Such a determination of film thickness was re- 
producible to 5-10%, The electrode—solution potentials were determined in the following systems: Fe**/ Fe** at 

pH = 1.4, Fe (CN)g / Fe(CN)$” at pH = 8.4, and I'/Ig at pH = 1.5, The particular choice of systems was motivated 
by the fact that they are all highly reversible [16-18], and that the transition from the oxidized to the reduced form 
is accompanied only by electron transfer, By varying the ratio of the oxidized to the reduced form from 1:0,001 to 


0,001:1 while maintaining an over-all salt concentration of 0,5N, we were able to change the potential of the sys- 
tem by 0,3V, 
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Fig. 1. The resistance (curves A) and capacitance 
(curves B) as a function of the redox potential of 
the medium containing the Fe**/ Fe*** couple: 1) 
at 400 cps; 2) at 1000 cps; 3) at 2500 cps; 4) at 
5000 cps, 
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Fig. 2, The resistance (curves A) and capacitance 
(curves B) as a function of the redox potential of 
the Fe (CN)g / Fe(CN)$ couple: 1) at 400 cps; 2) 
1000 cps; 3) 2500 cps; 4) 5000 cps, 


ly result from the fact that the Fe**/ Fe*** and Fe (CN)g /Fe (CN)$” systems, which are normally reversible on metals, 
lose their reversibility when the electrochemical reaction takes place on a semiconductor, since the transfer of elec- 
trons from the electrode to the ions might be hindered by the low concentration of electrons in the semiconductor, 


The electrode resistance and capacitance was meas- 
ured on an ac bridge at a 10-mv amplitude and frequencies 
between 400 and 5000 cps using films 500, 1000, and 1500A 
thick. The results obtained in a circuit with R and C in 
series were recalculated to one in which the two compon- 
ents were in parallel, which more closely approximates the 
equivalent circuit of the oxidized zirconium electrode, 
Since it takes a while for the film to achieve equilibrium 
with the solution, we kept the system for 5 hr at a constant 
temperature of +30° before determining the capacitance 
and resistance, The oxidized zirconium electrode had the 
same potentials as would a platinum electrode submerged 
in identical solutions, We measured the potentials with re- 
ference to a Hg/ Hg electrode in 0,2N H,SO, using a 
pH-E-M meter with a current consumption of 5 * 107'S amp 
per div, 


In Fig. 1 we have shown how the resistance and capac: 
itance of an electrode covered with a 1090 A thick oxide 
film varies with the voltage imposed on the Fe**/ Fe*** 
system at the frequencies of 400, 1000, 2500, and 5000 cps, 
The figure shows that a potential drop from +0,85 to +0,.57 
(with reference to a s,h.e.) reduces the film resistance at 
400 cps by one-half, while the capacitance increases by 10%, 
In addition to this, at 400 and 1000 cps the C — ¢ curves 
exhibit a maximum, and the R- ¢¥ curves a minimum at 
¢Y = 0,69 v, at which point the oxidized and reduced forms 
are in equal concentration (0,25N), 


In Fig. 2 we have likewise reproduced the relation- 
ships between the resistance and capacitance of the same 
electrode (with an oxide film 1090 A thick) and the voltage 
imposed on a Fe (CN)g / Fe (CN) system at frequencies of 
400, 1000, 2500, and 5000 cps, As the potential at 400 cps 
is increased above 0,4 v, the film capacitance at first in- 
creases by 10%, passes through a maximum, then drops to 
its original value; meanwhile, the resistance decreases by 
one-half and has a minimum at ¢ = 0,47 v, again at the 
point where the oxidized and reduced forms are in equal 
concentration, 


With increasing frequency the extrema on the C—- ¢ 
and R— ¢ curves become less pronounced, and at 5000 cps 
practically disappear in both the Fet*/ Fe*** and the 

Fe (CN)g / Fe (CN)§ systems, Very similar curves were ob- 
tained on films 500 and 1500 A thick, 


Two characteristic features of the R- ¥ and C- 9 
curves plotted in Figs, 1 and 2 are: the increasing capaci- 
tance and decreasing resistance as one proceeds toward more 
negative potentials, and the appearance of extrema at the 
point where the reduced and oxidized forms are in equal 
concentration, The extrema shown in Figs, 1 and 2 apparent- 
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As the concentration of either the oxidized or the reduced form increases, the resistance caused by the slowed 
electrochemical reaction decreases, This explains why the point at which the two forms are at the same concentra- 
tion coincides with the minimum on the R- ¢ curves, The maxima on the C — ¢ curves apparently represent pseudo- 
capacitance, which is connected with the nature of the electrochemical reaction, The disappearance of the extrema 
on both the C — ¥ and R— ¢ curves at high frequencies confirms our interpretation of their nature, 


Although the general properties of an oxidized zirconium electrode are very similar in both the Fe**/ Fe*** 
and the Fe(CN)g / Fe (CN)¢” systems, there are certain small differences in its behavior. The extrema on the C- ¢ 
and R—¢ curves have stronger maxima and disappear at lower frequencies in the Fe (CN) / Fe(CN)¢_ system than 
they do in the Fet*/ Fe**+ system, This indicates that the former is more reversible, In addition to this, the elec- 
trode resistance and capacitance become practically independent of voltage in the Fe (CN) / Fe (CNY system at 


higher frequencies in contrast with the Fe*t/ Fet+** system, where the resistance decreases and capacitance increases 
at lower positive voltages, 


The fact that the film resistance in the Fe*+/ Fet*+ system decreases by one-half, while the capacitance in- 
creases by 10% (which is equivalent to a 10% reduction in the film thickness) when the potential is decreased by 
0.25 v, indicates that the film resistance is essentially concentrated in the layer adjacent to the electrolyte, 


The theory that the film resistance depends very much on the potential finds even better confirmation {if one 
compares the resistance of an oxidized zirconium electrode at different potentials maintained by various redox sys- 


tems under conditions most favorable to the electrochemical reaction, i.e., in solutions where the oxidized and re- 
duced forms are at the same concentration, 0.25N. 


We found that the resistance of a 1000 A film in the Fe**/ Fet+**, Fe (CN)3/ Fe (CN)$ , and I/II” systems, 
which imposed upon the electrode the potentials of 0,72, 0,54, and 0,77 v, was 4,7 ° 105, 0,5 + 105, and 0,2 + 108 
ohms, respectively; consequently, a 0,25 v rise in voltage increases the resistance by a factor of 9. 


The experimental data reproduced in this paper confirm the theory that the carriers are not distributed evenly 
throughout the film, and that the oxide-electrolyte boundary influences greatly the electrophysical properties of the 
entire film, and also indicate that the rectifying action of the oxide film observed when the voltage is shifted to- 


ward more negative values is connected with an increased concentration of charge carriers in the film layer adjacent 
to the electrolyte, 
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1, In recent years several papers have appeared [1-3] dealing with the electron paramagnetic resonance of bi- 
radicals consisting of two triphenylmethyl radicals linked through an oxygen, methylene, or phenylene bridge, Such 
systems can be represented by a model in which we have two potential wells containing one electron each (Fig, 1). 
Analysis of the hyperfine structure of the spectrum indicates that each electron in- 
teracts only with the protons of its "own" well, This indicates that the frequency 


\ / interaction &/N = 10’ sec! greatly exceeds the frequencies for the electronic transi- 
é, Fe 6 tions between the two wells, Av [4], resulting from the singlet-triplet splitting in 
Ef, E,-0° the biradical AE = Av, On the other the splitting calculated 
-6 theoretically by McConnell [5] is about sec™", and obviously conflicts with the 
experimental data, This disagreement has therefore been referred to by McConnell 
Fig. 1, as the biradical paradox [6]. 


As it is, McConnell based his calculations on the assumption that the AE for 
the singlet-triplet splitting depends only on the frequency of the electron transfer through the bridge, b/ Ni, Yet transti- 
tions of the frequency occur only in one-electron systems, and experiments have shown that if the bridge is short (one 
or two CH, groups), the frequency is indeed greater than §/% [7]. Where the biradicals differ greatly from these sys- 
tems is in the fact that the true frequency of electronic transitions between the two wells Av (spin exchange) is quite 
distinct from the frequency for the electron transfer through a bridge b/N, due to the electrostatic repulsion between 
the two electrons, If this electronic interaction is taken into consideration, as we have done in our present work, the 
spin exchange frequency Av turns out to be much smaller than b/fi and even smaller than 5/", This naturally al- 
so resolves the biradical paradox and renders the special hypotheses put forth to explain it superfluous [6,8]. 


2 
2, The Hamiltonian for our system has the form Ay) + Al?) + Vy + Vo + se , where Vj is an operator giving 
12 
the probability for the transfer of the ith electron from one well to another, If we neglect the last term, the orbital 


1 
functions for an isolated electron }, = V2 (Pa +s), 2 = V2 (Qa — a) can be expressed as a linear com- 


bination of the eigenfunctions #4 and Bg of the operators fia and fig, which represent the ground state motion of the 
electrons in the left and right wells, respectively, Since the two wells are quite far apart, we can assume that the 


two functions do not overlap, The splitting of states and will be 6/2 = | Vil = Ve | 
(the superscript represents the electrons), 


All the possible states of the investigated system can be represented by six two-electron wave functions, 
0, = (0, 0), 
= (0, 0), 


(x (1, 1) 


6 —1) (more) 


De = (OE + 0), 


which exhaust all the combinations of », and %, and of spin functions x(s, sz) (where s is the total spin of the two 
electrons) allowed by the Pauli exclusion principle, If we ignore the electrostatic repulsion between the two elec- 
trons, functions (1) will give us the stationary solutions of the Schroedinger equation and the spectrum will consist of 
three equidistant terms with the middle one having fourfold degeneracy (Fig. 1), The splitting of the b terms would, 
in this case, depend entirely on the electron transfer through the bridge, 


If a coulombic interaction {s included in representation (1), the energy matrix assumes the form 


Him = +6 0 0 
0 0 0 Q 


where Q and J are the coulomb integrals 


while the exchange integrals are assumed to be zero due to the absence of direct overlap between function ¢q and 
?p- After the elimination of the off-diagonal terms, the matrix yields the following energy levels: 


Ey= :E,=—J, 
Q. 


For a rough approximation we can use the value of integral Q obtained for the 1s functions of hydrogen, Q = 
7+ 10°8 sec"! If we combine this with the value of b calculated by McConnell (10'°-10"? sec”), we find that 
<< 1, Hence, 


9-7 


the proper combination of functions for the individual wells will yield the correct stationary functions (see below), 
representing this limiting case, 


¥,= + x(0, 0), 
Ys = + (0, 0). 


x (1, 1) 
73 — 495) @) 
— PEs) x (0, 0). 
Thus the electrostatic interaction between the electrons alters considerably the nature of the energy spectrum of the a 
biradical (Fig. 2). 
The great difference between the spectra shown in Figs, 1 and 2 and between the corresponding wave functions : 
can be readily explained, Functions (1) and the corresponding energy spectrum were obtained within the framework = 
of a one-electron approximation which, in considering the limitations imposed by the Pauli exclusion principle, ne- - 


glects all the other interactions between the electrons of which the most important one is that represented by e/ Th2- 
This approximation, on which the molecular orbital treatment in quantum chemistry and the one-electron model of 
a solid are based, is only valid when b >> Q, J, It is evident that as b decreases when the interacting centers become 


Q+J b 00 
2 2 
= 
155 


more separated, the approximation will not be as good since J declines much more slowly than does b, while Q, 
which represents the repulsion between electrons in the same well, remains unchanged. When Q >> b we have a true 
two-electron problem, and the coulomb interaction has to be considered as a 
first-order effect. Figure 2 shows that it is responsible for the main splitting 
between polar and nonpolar states Q— J, whereas transitions between wells 
yield only a small splitting of the symmetric and antisymmetric states 
[b?/(Q— J}. Consequently, the singlet-triplet splitting in the examined bi- 
Non-polar radicals AE = b*/(Q— J) 10® (if 10" sec™*), which {s not only much 
states smaller than b, but also smaller thah the hyperfine interaction constant 6, 


Polar 
states 


3, We will now introduce the hyperfine interaction between the elec- 
tron spins and the spins of nuclei Iq and Ip. This will introduce additional 
terms 


Hu =—%a8 — 15), = — Ags = 8 (la + Ip). 


into the energy matrix constructed from functions in representation (2), Thus, if Iq * Ip, the hyperfine interaction 
will mix the ground state level ¥, with the triplet level ¥,, which has a zero spin projection, 


The transition probabilities can be evaluated in the same way as was done in [4], Considering also the fact 
that in the presence of a magnetic field H levels with a nonzero projection of the total spin, E, and E,, will be raised 
and lowered, respectively, by the amount "i yH = Nw» (y is the gyromagnetic ratio), it is easy to derive the EPR spec- 
trum: 


Line frequency Intensity 


Ia =I py +4 + I 
B 
wy + (VBP + B) +3 (la + Is) 
8 B 
+ (VB? + — (Ia + I) 


2 

Suppose each well contains one proton, Then, if — j 
2 

separated from each other by the amount 6. Since the triplet splitting is very small, it will not 


<< 6 , the spectrum will consist of two triplets with 
b 

a splitting of 

be experimentally detectable, and we will only observe the same doublet with a splitting 6 as one gets from an tso- 


lated well containing one electron, As b increases, the splitting of each triplet also increases until at = j >> 6 the 
spectrum will consist of a single triplet with a total splitting of 6, as has been found in [3]. 
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From a study of the mechanism of the elementary stages of the dehydration reaction of the lower aliphatic al- 
cohols on Al,Og catalysts [1-3] we have shown that at the moment it is reacting with an active center of a catalyst, 
a molecule of a reacting substance is not an isolated structure which is incapable of reacting with neighboring mole- 
cules, Thus, [1] described a combined dehydration of isopropyl and ethyl alcohols in an adsorbed layer, and the 
proposal was made that radicallike intermediate forms are formed on the surface of the catalyst under conditions of 
catalytic dehydration, This proposal was then confirmed experimentally in [4] for the dehydration of iso-C,H7OH on 
magnesium sulfate, The dehydration of binary mixtures of different alcohols and esters in an adsorbed layer on the 
surface of a catalyst was considered in [3], and it was shown that in mixtures the decomposition rate of the individual 
components {s, as a rule, less than for the individual substances at the same filling density, 


In the present work a study was made of the dehydration genetics of iso-C,H7OH and trimethylcarbinol in the 
presence of various substances contained in an adsorbed layer on the catalyst surface, but not capable (in general or 
under the present conditions) of dehydration, The catalysts used were Al,O3, precipitated by bromine from alumin- 


ate solution, Al,O, + Fe,Os, in Al,O, precipitated by CO, from aluminate solution (catalysts Nos, 5, 6, 7 of [3]), as 
well as W2Og, * 


For the properties of Al,O, catalysts and the investigational technique see [3], The W,O, catalyst had a specif- 
ic surface (from the nitrogen adsorption isotherm) of 14 M’/g, the activation energy of dehydration in the adsorbed 
layer was 17,8 and 31,2 kilo-cal, and the value of t29** = 76 and 187° for isopropyl and ethy! alcohols, respectively. 


To study the effect of adsorbed extraneous substances on the reaction rate on oxidized aluminum catalysts, the 
standard reaction used was the dehydration of iso-CsH7OH, adsorbed on the catalyst in the amount 0,3 cm! (Stand, 
Temp. and Tres,)/ g which, for the various samples, corresponded with the density of filling of 2-4% of the monolayer, 
The effect of the following substances was studied (the figures in parentheses designate the catalyst numbers): ace- 
tone (5), dioxane (5,7), acetonitrile (5), acetoacetic ester(5), nitrous oxide (5,6,7), On W,Os a study was made of 
the dehydration in adsorbed layers of C,HsOH, iso-C3H7OH, (CH 3)sCOH, and the system C,HsOH + iso-CsH7OH, 
(CHy)sCOH + CH,OH, (CHy)sCOH + C,HsOH, (CHy)sCOH + (CH3);COH + H,0. 


It turned out that acetone, itself completely undecomposable on the catalyst used and, as is well known, in- 
capable of combining with iso-CsH,OH under ordinary conditions, shows a strong retarding effect on the dehydration 
of isopropy! alcohol in the adsorbed layer (Fig. 1, 3), As the quantity of adsorbed acetone is reduced, this retarding 
action is weakened, but it remains clearly evident even at a filling density of the order of 4-6% of the monolayer 
(Fig. 2, curves 1-4), Dioxane even at fillings of the order of 2-4% of the monolayer practically completely inhibits 
the dehydration of iso-C,HyOH both on catalyst No, 5 (see Fig, 1, curve 6) and on catalyst No, 7, 


Acetonitrile shows a somewhat weaker retarding effect (see Fig, 1, curve 4), so that to get a comparable ef- 
fect it is necessary to use a relatively larger filling density [4-5 cm (S.T.P.)/ gl. 


* Obtained from A, A, Tolstopyatova, for which the authors express their gratitude to her, 
* ©t.9 is the temperature at which the half period of decomposition To,5 is equal to 20 min, 
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Fig. 1, Retardation of decomposition of iso- Fig. 2, Effect of amount of acetone on decom- 
C3H7OH on catalyst No, 5 and adsorbed layer at position rate of iso-CHsH7OH on catalyst No, 5 in 
120°: 1) pure iso-CsH7OH; 2) iso-C3H7OH + an adsorbed layer at 130°: 1) pure iso-CsH7OH; 
acetoacedic ester [1,2 cm® (S,T.P.)/ g]; 3) iso- 2) the same + 3,0 cm'(S,T.P.)/ g acetone; 3) the 
C3HyOH + CHyCOCHs [0.3 cm'(S,T.P.)/g]; 4) same + 0.6 cm*(S,T.P.)/g acetone; 4) the same + 
iso-CyHyOH + acetonitrile [5.3 cm’(S.T.P.)/ g]s 5.3 cm’ (S.T.P.)/g acetone; 5) iso-CsHyOH + 

5) iso-CsHyOH + nitrous oxide; 6) iso-CsHyOH+ C,HsOH [5.3 cm* (S.T.P.)/g] — combined dehy- 
dioxane [0.3 cm*(S,T.P.)/g]. dration, 


Nitrous oxide showed no appreciable effect on the reaction, but this, possibly, is to be explained by the fact 
that the adsorption of this substance on the catalyst is relatively small, and with the same quantities put in as for the 
other substances investigated the filling density is small, 


Experiments on the dehydration of ethyl and isopropyl alcohols in the adsorbed layer on W,O3 have shown that 
on this catalyst the reaction goes at considerably lower temperatures than on Al,O3, Thus, at a filling density of the 
order of 20-30% of the monolayer, the half-decomposition period To,5 of iso-CsH OH at 120° is less than one minute, 
and at 100° it is 6-7 min, For C,HsOH at 150° practically no reaction was observed, and at 170° and 190°, T9_5 is 
equal, respectively, to 70 and 18 min, For the system iso-CsH7OH + C,HsOH, the filling density for iso-CsH7OH was 
the same, and the quantity of C,H;OH put in was equal to 5,3 cm'(S,T.P.)/g, which, for such a small volume of 
specific surface, should cause a degree of covering which is close to a monolayer. Under these conditions it was 
noted above all that even at 100-120° pure C,H;OH shows an unexpectedly large absolute decomposition rate,which 
shows up from the increase in ethylene pressure in the gaseous phase, although the extent of decomposition (because 
of the large quantities of alcohol originally present) remains insignificant, 


Trimethylcarbinol on W,Os at 30-80° (and higher) forms no gaseous products, The isobutylene formed is ob- 
viously completely polymerized on the catalyst, The fact that, in this case, none of the original alcohol remained 
unchanged on the catalyst was proved by heating the catalyst to 300° after the adsorption, Here the alcohol should 
be completely dehydrated with evolution of butylene, which was not observed (Fig, 3). 


However, if there are considerable quantities of previously adsorbed C,HsOH, iso-CsH7OH, or H,O (but not N- 
pentane) in the adsorbed layer on the catalyst, even at temperatures of 20-40° trimethylcarbinol undergoes the norm- 
al dehydration reaction with formation of isobutylene, desorbed from the surface of the catalyst into the gas phase 
(Fig. 2), Thus, the presence of hydroxyl-containing substances in the adsorbed layer practically completely inhibits 
the polymerization reaction, A similar effect of C,H;OH on the decomposition of iso-CsH7OH on Al,O, + Fe,O, 
catalyst was noted in [3]. 


The results of the present work, as well as [2] and [3], show that dehydration of alcohols on oxide catalysts in 
an adsorbed layer at low temperatures is no simple monomolecular reaction with one-stage evolution of water, but 
has a more complicated mechanism, The facts which we have found relative to the mutual influence of the mole- 
cules in the adsorbed layer may be explained on the basis of two different assumptions: 1) change in the electronic 
properties of the catalyst as a result of adsorption of the second component of the mixture, and 2) direct interaction 
of the adsorbed molecules or active components on the catalyst surface, The first of these two possibilities is con- 
siderably less probable, since a change in electronic properties of this sort is important only in semiconductors, while 


So 
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at the temperatures used in our experiments Al,Og as a dielectric, In addition, this assumption fails to explain the 
causes of the different, and sometimes even opposite, effect of additives of the same type, such as alcohols, esters,etc, 


On the other hand, from many formal signs, from the accelerating or retarding effect of extraneous substances, 

from the dependence of this effect on the reaction temperature and the concentration of additives, from the fact of 
a critical concentration of initial substances required to 

reach a definite reaction rate (as, for example, in the case 


ae of the dehydration of C,H;OH on W,Os at 100-120°), etc., 
rQ, these processes suggest chain reactions involving free radi- 
H ies k6) cals in the gaseous phase, If the presence of flat chains 
a 8 aS 5 cannot yet be considered established, the presence of radi- 

: F callike surface forms under our experimental conditions has 
| Q3¢ H 2 been proved experimentally from the presence of the para- 
aX orthotransformation of hydrogen at the instant the dehydra- 

id tion reaction takes place [4], On the other hand, this agrees 
4) y23 with the fact of hydrocarbon radical exchange under de- 
———- I\ 3 hydration conditions, established by us using radiochemical 
7 means [5]. The ideas presented make the second explana- 


tion considerably more probable, i.e., the reaction proceeds 
by direct interaction of the adsorbed molecules to form in- 
termediate transitional complexes, 


Fig. 3, Decomposition of trimethylcarbinol on W,0; 
at 40°: 1) pure trimethylcarbinol; 2) trimethylcarb- 
inol + C,HsOH (large filling density); 3) the same + 
C,HsOH (small filling density); 4) the same +CH,OH The question of the nature of these complexes has so 
(large filling density), far been unexplained, but attention is called to the fact that 
all the additives used (except N-pentane, which shows no 
retarding effect) contain atoms which have unshared electron pairs which appear, in particular, in the considerable 
degree of polarity shown by the molecules in question, The absence of dipole moment in dioxane is only an appar- 
ent exception, since it is explained by internal compensation of the charges of two oxygen atoms with unshared elec- 
tron pairs, It is a well-known fact that compounds of this sort have a considerable affinity for addition reactions and 
can, as in the case of NOg, serve as free radical traps, Actually they all retard the dehydration in the adsorbed layer, 
The absence of any effect from nitrous oxide is due apparently to the fact that it is very weakly adsorbed on Al,Ox. 


This kind of retarding action from neighboring adsorbed molecules can, apparently, along with simple adsorp- 
tive replacement, caused by difference in relative adsorption coefficients, be the cause of the effect observed by 
many authors (see for example [6, 7]) of the nature of the solvent on the reaction rate of catalytic hydration, 


Along with the collective dehydration mechanism considered to take place in the adsorbed layer, it must not 
be assumed that there is no possibility of a simple one-stage mechanism involving rather fast desorption of the re- 
action products, At the low temperatures and rather long lifetime of the intermediate surface forms which occurred 
in our experiments, a greater role ought to be played by the collective mechanism, At the high temperatures char- 
acteristic of dehydration in the usual spray catchers and atmospheric pressure conditions may be created which are 
more favorable to the one-step mechanism, This difference in reaction mechanism may be the explanation of what 
was observed in [1], namely, the difference between the activation energy of the dehydration reaction in a monolayer 
and under ordinary conditions, 


Finally, the facts which we have observed, in our opinion, allow us to draw one more conclusion, Both in the 
interaction between the molecules of two different substances in the adsorbed layer and in the polymerization of an 
olefin, formed from alcohol, it is necessary for the molecules, which are originally located far from one another be- 
cause of the small degree of filling at the start (up to 6-8% of the monolayer), to get close enough together to allow 
chemical forces to act. The question of whether it is possible to have diffusion on the surface of the catalyst, which 
is of fundamental importance for understanding of the mechanism of catalytic processes, has often been discussed in 
the literature (see, for example, the review [8]), but it has been solved differently by different authors, The judg- 
ments expressed on this question by different authors are based either on indirect experiments or on general thermo- 
dynamic concepts relating to the possible nature of the adsorbed layer. Our experimental data show conclusively 
that it is possible to have surface diffusion on Al,O, and W,Os catalysts even with relatively tightly bound chemi- 
sorbed molecules at temperatures of 60-150°, 
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As has been reported in [1], A. N, Frumkin and the author observed experimentally, and investigated the 
periodic undamped autooscillations which occur during the reduction of S,0% on dropping and resting mercury elec- 
trodes, Subsequently, these oscillations have been observed by A, N. Frumkin, O, A, Petrii, and N, V. Nikolaeva- 
Fedorovich [2] with the anions PtCl, S,0%", and Fe (CN)g , and by the author with PtCl2”. However, no theory of 
these oscillations has been given, The majority of the periodic phenomenon of electrochemistry have to do with the 
appearance of a passivating film on the electrode, or the formation of a new phase, A substantial contribution to the 
theory of these phenomenon was made by the papers of U. F, Frank [3,4] and Yu. A, Chizmadzhev [5]. In the case 
under consideration there are no surface formations of this sort. A theory of the phenomenon observed is given below. 
It proceeds on two assumptions: a) the characteristic p(¥?) of the system has a falling portion; b) transfer of matter 
from the solution to the electrode surface is a slow process, With diffusional transfer, the dropping concentration 
from its value C in the mass of the solution to value of C on the surface occurs in a layer of finite thickness2?, The 
conditions of formation of the layer are determined by the geometry of the epi-electrode space or by different means 
of stirring (in the case of a drop electrode, tangential oscillations of its surface are important), The current density! 
and the electrode potential ¢ during irreversible electroreduction of the anions are connected to the relationship [6], 
i= Cp(?). Here, p(?) is a single-valued, positive, differentiable function, . Excess electrolyte is present in the solu- 
tion in such an amount that a falling portion is maintained on the polarization characteristic, 


For the circuit consisting of the electrolytic cell with polarizing electrode surface S and series resistance R, at 
the end of which is applied the voltage v: 


a) irt@o=v, b)i=Cp(g); c) (1) 


where r = RS, The roots of Eq. (1c) determine the possible states of the system, Several roots of Eq. (1c) can, in 
general, correspond with an instantaneously fixed value of the epi-electrode concentration C = Cy, = const and, con- 
sequently, there are several possible states of the system, Nonstationary states may occur among the possible states 
of the system, i,e,, the states which satisfy Eq. (1c) only at a given moment of time, along with stationary states, 
which satisfy Eq. (1c) for all values of time, We shall determine the number of the latter for C = Cy. In the sta- 


tionary state, the concentration of the material required in the electrode reaction is distributed linearly in the diffu- 
sional layer, Here the current satisfies the condition 


i=G(C—C), G=nFD/lI, (2) 


where D is the diffusion coefficient, nF is the quantity of electricity per mol, of substance, Thus, of the number of 
possible states of the system corresponding with C = Cy there cannot be more than one stationary state, Further, it 
follows from a comparison of Eqs, (1) and (2) that for fixed values of r and v stationary states may be realized only 
for some values of C, We shall find these states, The functional relationship between ig (the index 0 indicates a 
stationary state) and ¢ is found by eliminating C from Eqs, (1b) and (2): 


io(@) = GC/11 + (3) 
Since ig must simultaneously satisfy =q. (1a), the possible stationary states (ip, %9) are given by the roots of 
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which is one of the forms of combining Eqs. (1a), (1b), and (2), If Eq. (4) has one root, the stationary state of the 
system is unique, The curve of ig(?) is usually taken experimentally (polarization curve with a hump), and serves 
here as a starting point for a discussion of the concrete system, «his is a practical method of determining the pos- 
sible stationary states, From Eq, (4) there may be found as the 
points of intersection of the polarization curve with the straight 
line i = (v— %)/r.1f (ig,?9) lies on the following branch of ig(¥), 
it also lies on a following branch p(¥) [the hump on ip(?) has a 
weakly pronounced maximum at the same value of ?max as p(¥)]. 
It follows from Eq. (3) that | ig(g)| < |Cy(¥)p'(¥)| . Since p(y) > 
> 0, it also follows from Eq. (3) that ig(?) is bounded, We shall 
now consider the case of a unique stationary state, Omitting, for 
brevity of presentation, the rigid solution of the problem, which 


was obtained from a study of the integral diffusion equations for an 
arbitrary function p(¥), we adduce the following conditions: the 
unique stationary state is unstable if the inequality Cop'(¥9) < —(1/r) 
is fulfilled, 


The meaning of this condition, as well as the nature of the 
oscillational process, may be seen from Fig. 1, which gives a con- 
crete numerical example. The meaning of the arbitrary units of 
C, i, and ¢ is curved from the figure. The value of p(¥) was fixed, 
with G = 0,137 and C = 7. Then ip(Y) was determined from Eq.(3). 
The straight line (1a) for fixed r and v is tangent above and below 
to curves i, and is, They correspond with the critical concentra- 
tion Cy = Cmax = 2.67, Cz = Cmin = 1.00, The point of intersec- 
tion of the straight line (1a) with the curve ig(?) (dotted) gives the 
stationary state (Cp = Cy = 1,41), There are no other points of in- 
tersection; therefore, the stationary state 0 is unique, The inequal- 
ity given above means: 1) at the point 0 is located on the falling part of the curve i,(¢) = Cop(¢); 2) that at the 
point 0, the curve i,(¢) is steeper than the straight line (1a), This location of the curves i = Cp(¢) relative to the 
straight line ir + Y = v is responsible for the fact that if C is increased, Y increases and i decreases, The range of 
potentials Y, in which this relative distribution of curves is maintained, is bounded by the potentials of the points 4 
and 7, where the points of intersection become points of tangency, This region represents only a part of the poten- 
tials on the falling branch of the function p(¢¥) and, as is shown below, marks out the part of this function which is 
not working during the time of oscillation, For oscillations to occur in the system, the point, which gives the state 
of the system, must get out of the “nonworking” region, It may be shown that fulfilling the instability condition 
given above ensures getting the system outside the limits of the "nonworking" region at the right time, The oscilla- 
tions occur in the following way. Since the stationary state 0 is unstable, and the system cannot exist for a long 
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time in a "nonworking" part, it passes over during some period of time into state 1 on i; (or 4 on ig), The consump- 


tion of matter (ordinate of point 1) is less than the supply from the solution (the stationary current of matter correspond- 


ing with concentration Cy, as given by the point of intersection of i,(%) with ig(?), which is located above point 1: 

for state 1 on curve iy, (iy); < GC — Cy]. The current through the boundary x =1, corresponding with concentration 
Cy, is higher than the stationary current, and thus all the more exceeds the consumption of matter at the boundary 

x= 0, Therefore, C, and together with it the characteristic i = Cp(¥), increases up to the point where it ceases to be 
tangent at point 1, after which the system goes over into state 2 on the same characteristic, Here, on the other hand, 
the consumption of matter in the reaction exceeds the supply, and C gradually decreases from C to Cg, and the state 
of the system is gradually displaced along the straight line from point 2 to point 4, Here the consumption of matter 
is still large [(ig), > G(e - C3), ig(?) and ip(Y) intersect below the point 4], the characteristic i = Cp(¥) continues to 
drop, and the system jumps over into point 5, The consumption drops sharply, C increases, and the system gradually 
shifts from 5 to 7, after which the cycle (1, 2—- 3-— 4, 5— 6— 7) repeats itself, Figure (1b) gives a schematic repre- 
sentation of the concentration distribution in the diffusional layer as the function of distance x from the electrode 
surface, The dotted lines indicate the stationary distributions, which would correspond with the critical epi-electrode 
concentration Cy and C3, The blacked-in area is equal to the maximum change Q in the quantity of matter in the 
diffusional layer during the oscillation, Q < 41 (Cy — C3). The concentration distributions oscillate, and in the process 
of change may depart somewhat from the limits of this figure, 


Fig. 3. Curves of i- (v,t) for a voltage decreasing (from right to left) with 
time: a) 5+ 107°M K2S20g + 0.05% gelatin, mercury drop electrode, S = 

= 0,18 mm’, second electrode normal calomel, added resistance RM = 0, 
1.3 v/ sec; b) + 10° 9M + 0.05% gelatin, S = 0.65 mm’, 
RM = 10,000 ohms,remaining conditions the same as in a; c) 10°*M 
(NH4)S2Og, interference of oscillations occurring differently on different parts 
of the drop, periodic extinction of oscillations, 


In Fig. 2 the cycle (1, 2— 3— 4, 5— 6 — 7) is shown in the different set of coordinates, In Fig, 2a the state of 
the system is described by the point of intersection of the fixed curve i/C = p(¥) with the straight line i/C = 

= (v— ¥)/rC, the slope of which changes in the process of oscillation with the preelectrode concentration C, Here, 
the state of the system is moved around the closed circuit in the direction shown by the arrow, The “nonworking” 
part of the curve p(¥) is shown dotted, As v is reduced, the cycle pulls itself up into the point e, and the oscillations 
stop. The cycle has no breaks at the points 4 and 7, and they accordingly correspond with smooth curves in the i-t 
plot. The dependence of the break-point currents (points 4, 7) and the amplitude of the oscillations on v is shown in 
Fig. 2c, The mean currents in the upper part (1,) and the lower part (I,) of the oscillation are given by the function 
p(v). Therefore, for small values of 1 it is correct to write T,/T, = (Ij — Ip)/ (Ip — 1), where ly is the mean oscil- 
latory current, Increasing 2 and reducing C causes a reduction in Iy and, consequently, an increase in the relative 
length of that phase of the oscillation in which the current is small (72), as well as an increase in the period T+ T3. 
If, however, Eq, (4) has several roots in some region Av (or Ar), this region plotted to i— v (or i— r) coordinates may, 


under proper conditions, correspond with a band in which there are no oscillations, This conclusion requires experi- 
mental proof, 


The conditions under which the oscillation occurs are: 1)(ig,?9) lies on the falling branch of the ig(?) curve, 
i.e., | | > , where, for example, for ¥max ® —0.35 volt (Normal Calomel Electrode) [7]; 2) (ig,? 9) 
is unique; this will always occur if max lig) |< 1/r, which may be achieved by increasing C andJ simultaneously; 
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3) | Cop (»)| Since | |< | , then (2) and (3) may be satisfied immediately by taking v andr 
such that | i3(¢)| < 1/8 < |Cop'(%) |. 


The varieties of autooscillation which could be observed experimentally (Figs, 3a and 3b) are in agreement 
with the facts established theoretically, Their properties become intelligible [1], in particular the sometimes-occur- 
ring breakpoint of the peak of the oscillation at the polarographic maximum, since the potential of the peak lies 
right in the region of the polarographic maximum, The distortions on converting from i— v to i— ¢ (1] are caused, 
as a calculation of the potential distribution showed, byfailure to take account, the high resistance of the solution 
in the shielded part of the electrode, Connecting a high resistance in series with the cell reduces the effect of the 
resistance of the solution, As may be seen from what has been said, the form of the electrode, and at low frequen- 
cies (less than 10 cycles per second), even the capacitance, is of no fundamental importance in producing the oscil- 
lations in question, If there is no excess electrolyte present the scheme of oscillation remains the same, According 
to the calculations the instability of the stationary state is not effected by adding capacitance to the system, The 
period of the oscillation at low frequencies exceeds the “time constant” of the system by more than ten times, 


The author expresses his gratitude to Academician A, N, Frumkin, whose advice and comments formed the 
basis for many of the conclusions in the present paper, and expresses his obligation to Corresponding Member,AN SSSR 
V. G, Levich for valuable discussion, 
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In pressure treatment of metals without lubricants adhesion of the metal to the instrument causes, principally, 
deformation of the surface layers and, consequently, the deformation is nonuniform over the cross section of the metal, 
If a liquid surface-active lubricant is put on the metal, or a solid lubricating layer is formed with considerably less 

shearing stress T than the metal being treated, the distribution of deformation over the cross section will be more unt- 


form and all the additional deformation of the surface layer of the metal being treated, caused by friction, will be 
concentrated in the lubricating layer [1]. 


Thus, in studying the mechanism of the effective lubricants when the metal is being pressure treated, the im- 
mediate object for investigation becomes the lubricating layer at the contact zone between the metal and the instru- 
ment, how it is formed, and how it behaves during the treatment, As a measure of 
the lubricating action we have taken the shearing stress T [1,2] of the lubricating 
layer formed on the surface of the metal (the plasticized layer in the case of liquid 
lubricants, or the solid coating in the case of solid lubricants), Sample lubricants 


were hydrocarbons, alcohols, and acids, The method of deformation was drawing 
of bars, 


kg/mm? 
10 


The influence on the lubricating effect of physicochemical interaction of 

the lubricating substance with the metallic surface may be traced, if we compare 

the results obtained from drawing aluminum with hydrocarbons, organic alcohols, 

and acids above their melting points, The alcohols, as a result of their tendency 

R to be adsorbed on the metallic surface, are incomparably more effective lubricants, 
esistance to displacement in 


the lubricating layer T as a than the adsorptionally inactive hydrocarbons, While with liquid alcohols it is 
function of temperature in possible to deform the metal to a higher degree (up to 36%), with — hydrocar- 
drawing aluminum (€ = 7%) bons we are limited to 7% compression at a value of T = 8-10 kg/mm*, This large 
with paraffin (1), cetyl alcohol value of T shows directly that the liquid hydrocarbons are squeezed out of the zone 
(2), and stearic acid (3), of contact between the metal and the instrument, and any subsequent shift in the 


deformation occurs in the surface layer of the metal itself (Ta) = 9 kg/mm’), The 
relatively low values of T when liquid alcohols are used as lubricants are due to 
the relatively high ductility of the lubricating layer formed from adsorptional plastification of the metal surface, 


Raising the temperature when using liquid alcohol as a lubricant causes some increase in the value of T, The 
same temperature increase when using stearic acid causes a decrease in the value of T, from the formation of a film 
of solid soap on the metal which, apparently, has a lower value of 7 than the layer of metal plasticized by the ad- 
sorptively active liquid lubricant, It is well known that the alcohols do not form chemical compounds with the metal 


and are adsorbed reversibly, Therefore, raising the temperature hinders the effect by shifting the equilibrium to the 
desorption side as the temperature is increased, 


A liquid flow lubricant is effective only if it can interact with the metal to form a plastic layer on the surface, 
which acts as a lubricant during the treatment, If the lubricant is in the solid plastic state and, consequently, has 
sufficiently high mechanical and structural properties, its adsorptional activity in the formation of the lubricating 


layer becomes a matter of secondary interest, and the principal role begins to be played by the structural and mech- 
anical properties of the lubricant itself [1,3]. 


= 
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Lowering the temperature causes an increase in the shearing stress 7 in the solid lubricating layer (hindering 
the lubricating effect) when drawing with solid lubricants with various physicochemical properties (paraffin, cetyl 
alcohol, and stearic acid), Corresponding changes in the 
TABLE 1, Effect of Temperature on the Drawing Force mechanical properties with a change in temperature are 
of Aluminum with Transformer Oil, € = 7% also observed in the volume of these lubricants [4]. 


t, °C 150 100 50 20 .. On the other hand, lowering the temperature may 

be favorable, and even the decisive factor with liquid ad- 
sorptionally inactive lubricants, Thus, the lubricative ef- 

ficiency of hydrocarbons increases quite considerably with 
freezing (the maximum possible degree of compression increases from 7 to 32%, with a sharp drop in the values of 1, 
as a matter of transferring the additional deformation surface out of the surface layer of the metal into the layer of 
solid lubricant), Lowering the temperature shows the same effect on the lubricating properties of a commercial prod- 
uct, transformer oil (Table 1), 


The figure shows the over-all picture of the effect of temperatures from —15 to +100° on the properties of the 
lubricating layer during aluminum drawing with three sample lubricants: paraffin, cetyl alcohol, and stearic acid, 
Up to the softening temperature the nature of the curves for the three lubricants is the same, since, in the solvent 
state, these substances have approximately equal shearing resistance, while the difference in their adsorptional activ- 
ity cannot show up as a result of hardening. Raising the temperature to the melting point causes a sharp increase in 
the resistance to displacement (drop in lubricating effect) in the case of surface-inactive paraffin, Liquid alcohol 
and acid continue to be effective, but on account of another mechanism than in the case of solid lubricants, in par- 
ticular on account of adsorptive modification of the metal surface, i,e,, the creation of a plastic lubricating layer in 
the metal itself. The divergence between the curves for cetyl alcohol and stearic acid with further increase in 
temperature has to do with chemical fixation of the acid molecules, while the alcohol molecules are partially de- 
sorbed, 


Under pressure treatment, the structure of the lu- 
ing layer is destroyed by the tangential component 
of the compressive force, This is observed as a reduction 
in the resistance to displacement in the lubricating layer 
(under the conditions of the treatment) with increasing 
€,% 17.0 11.4 15,2 24.4 31,0 36.0 deformation, 


TABLE 2, Resistance to displacement in the Lubricating tiie 
Layer (T, kg/mm?) as a Function of the Degree of 


Deformation (€ ,%) in Drawing Aluminum, Covered 
with Stearic Acid and a Phase Film of Polyisobutylene 


Stearic acid 2.0 1.5 1.1 0.78 0.60 0,51 A study of the rheological properties of metals [5] 
Polyisobutylene 1.6 1.0 0,94 0,62 0,53 0,31 makes it possible to observe that increasing the displace- 
film ment stress lowers the effective viscosity (i.e., it increases 
the flow), The same thing happens on the surface of the 
metal in the lubricating layer during pressure treatment, and this result is independent of how the lubricating layer 
is formed, A regular reduction in the resistance to displacement in the lubricating layer, as the degree of deforma- 
tion is increased (increasing the compressive forces), is observed in the solid lubricating layer and in the layer which 
represents the product of physicochemical interaction between the lubricant and the metal surface, i.e., in the plasti- 
ficated layer, An exception is provided by liquid flowing, adsorptionally inactive, lubricating media, which are, in 
general, not capable of forming a stable lubricating layer, 


We express deep gratitude to Professor V. I. Likhtman for his valuable advice and discussion of the results of 
the study. 
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At the present time, carbon formation by the thermal decomposition of hydrocarbons is extremely important 
in industry, A number of authors [1-5] have studied the kinetics of the process at temperatures up to 1000-1200°, 
The main features observed in the study of the kinetics of this process were: (i) the first-order relation between the 
reaction rate and hydrocarbon concentration; (ii) the rapid retardation of the reaction rate by hydrogen; and (iii) the 
high temperature rate coefficient, One of the authors of this paper [6] showed earlier that the energy of activation 
of this process decreases with increased temperature, The kinetics of the growth of the carbon surface at tempera- 
tures of 1600-2100° were studied by Brown and Watt [7]. But the values of the reaction rates and activation energies 
obtained by these authors were misleading because of the effect of diffusion, The present work is devoted to the 


measurement of the rate of growth of a carbon surface brought about by the thermal decomposition of methane at 
1400-1700°C, 


wi 


The beginning 3 2 
of the heater of the heater 


Fig. 1. The sketch of the position of a graphite rod inside the 
reaction space of a high-temperature furnace: 1) inlet tube for 
gas; 2) graphite reaction tube; 3) graphite rod; 4) outlet tube 
for gas, 


The experimental method used was to determine the rate of growth of the carbon film forming on the graphite 
rod, This rod (diameter 12 mm, length 500 mm) was placed in the reaction space of a high-temperature furnace 
provided with a shaped graphite heater, Figure 1 shows the position of the rod, A mixture of methane and hydrogen 


is passed through the annular space between the rod and walls of the reaction tube, The experiments were carried 2 
out with methane concentrations of 2-10% and gas flows from 4-10 liter/min, With high concentrations of methane, a 
carbon black was deposited, and with lower concentrations gasification of the graphite was observed, = 


In the experiments using nitrogen or helium diluents instead of hydrogen, very different results were obtained, 
Even at a temperature of 1500° with a methane concentration of more than 1%,carbon black formation was observed 
and it was not possible to investigate the thickness of the carbon film formed, 


The thickness of the carbon film was obtained by measuring the diameters of the rod over its whole length by 
means of a hand micrometer with an accuracy of 40,01 mm, The measurement of temperature in the center of the 
graphite heater was carried out with the help of high-temperature tungsten-rhenium thermocouples [8]. The earlier 
experiments showed that the difference between the temperature of the rod and the center of the heater did not ex- 
ceed 20-30°, Asa result, in each experiment, the curve for the relation between the rate of increase of the carbon 
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layer and temperature (determined by the temperature field of the furnace) was obtained, Figure 2 reproduces typi- 
cal curves of this relation for different initial concentrations of methane and gas-flow velocities at 1600° in the cen- 
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Fig. 2. Variation in the rate of growth of a carbon 
film along the length of the rod at 1600° in the 
center of the furnace, A is a 10% concentration of 
methane at the inlet; B is a 5.3% concentration of 
methane at the inlet; C is the temperature field 
of the furnace at 1600°, I) Gas flow velocity 3,6 
liter/ min; II) gas flow velocity 10 liter/ min, 
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Fig. 3, Relation between density of carbon films 
and their temperatures of formation: 1) our re- 
sults; 2) results of [7]; 3) results of [4]; 4) re- 
sults of [5]. 


ter of the furnace, The reaction rate constants a are found 
from the first-order equation 


(1) 


where dr/ dt is the rate of growth of the film, cm/sec; y is 
the density of the film, g/cm’; Cx is the methane concentra- 
tion in the given section of the reaction space, g/cm’, 


All the values of a found from formula (1) for differ- 
ent gas flows and concentrations of methane at each tempera- 
ture were treated by a correlation method, Figure 4 repro- 
duces the relation between the reaction rate constant and 
temperature in Arrhenius coordinates, where the correlation 
points are plotted on the graph. 


The activation energy of the decomposition reaction of 
methane, corresponding to the straight line on Fig, 4, is 36 
kcal/ mole, The relation between the reaction rate and the 
temperature may be expressed by the formula 


Kg = 2042Ce—1820/T , (2) 


Here, the methane concentration C is expressed in g/ cm}, 
and the reaction rate Ks in g/cm*+ sec, The values of the 
rate constant obtained permitted us to determine the activa- 
tion energy at different temperatures from the equation 


Nag = Noe—E/RT, (3) 


where Nag is the number of reacted moles, No the number of 
total collisions of the molecules at the surface; E is the acti- 


vation energy. The respective values of E are given in the 
table, 


The extent to which the results are in error due to dif- 
fusion was calculated by both theoretical and experimental 
methods, Under stationary conditions 


K, = B (Cy Spee C;), (4) 


where 6 is the diffusion velocity coefficient of methane in 
hydrogen, cm/sec; Cy is the concentration of methane along 
the flow axis, g/cm’, 


The diffusion velocity coefficient was found from the 
formula 8 = NuD/d [9], where Nu is the Nusselt number, D 
is the diffusion coefficient of methane in hydrogen, and d is 
the equivalent diameter, The diffusion coefficient at 1900° 
equals 3,8 * 107° m?/sec, In the calculation of this coeffi- 
cient, the temperature coefficient is assumed to be 1,75 [10]. 
The equivalent diameter equals 6 * 10°? m, The Nusselt 
number under our experimental conditions equals 3,66 [11]. 


From these original data obtained from the literature, 
the value of 68 from formula (5) equals 230 cm/sec, The 
difference between the concentration of methane along the 
flow axis and the concentration at the surface for the section 
of the reacting space where the reaction rate at 1900° equals 
2.8 + 1075 g/cm®- sec, is 1.2 + 10°? g/cm’, 
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Comparison of this value with the methane concentration along the flow axis, equal to 5* 1075 g/cm! for the 

same section, shows that the decrease in concentration is about 0.4%, Hence, it is possible to conclude that diffusion 
does not limit the reaction rate and the reaction rate, in 

Activation Energy of the Decomposition Reaction of __ practice, is determined only by chemical kinetics, 


Methane on the Surface at Different Temperatures The effect of diffusion on the reaction rate was con- 


Reactionrate | Proportion | Activation firmed experimentally by comparing the kinetic constants 
Temp., 
°c constant, of reacted | energy from with the constants obtained by decomposing methane on the 
cm/sec + 107 molecules, | Eq. (3), surface of powdered corundum particles, size 0-2u. The 
e~E/RT, 108 | kcal/ mole powder, together with the gas flow, was passed through the re- 
1400 3.9 0.56 40.0 pra oe gag the same conditions as in the experiments 
1500 1.2 1,40 39,2 
1600 12,0 2,29 39,7 The increase in the radius of the particles and the rate 
1700 20.0 4,09 39.6 of increase of the carbon film was determined on the basis of 


determining the content of carbon in the powder and its spe- 
cific surface, The results from these tests were compared with those with rods, and it was found that, in both cases, 
the rate of growth of the films was similar, This indicates that complications due to pronounced diffusion are absent 
since the decomposition of methane on the surface of particles which are commensurate with the length of the free 
molecular path, may be considered as independent of the diffusion velocity. 


The main importance of the results is that the reaction rate constants which are found are not misleading, be- 
cause of diffusion, and we are able to calculate the absolute rate of growth of the carbon layer over the range 1400 
to 1700° with concentrations of methane and hydrogen up to 10%, 


Qualitative experiments with methane diluted with nitrogen and helium showed a significantly greater‘rate of 
growth of the films in comparison with experiments in which the methane was diluted with hydrogen. In the experi- 
ments which were carried out under vacuum by Brown and 
Watt [7], with undiluted methane, the rate of growth of the 


ya 1800 1700 1600 1800 100°C films under similar partial pressures of methane and similar 
40 temperatures, despite the effect of diffusion, proved to be 3 
N. to 4 times more than in our tests, This indicates that in the 
temperature range investigated, and similarly with signifi- 
g Ne cantly lower temperatures [2], the rate of decomposition of 
8 0 men the carbon molecules on the surface is considerably retarded 
= 7 \ by hydrogen. The retardation which is found is obviously ex- 
pe A= plained by the activated adsorption of hydrogen by the car- 
Q 2 It is of interest to consider the similarity between the 
activation energy values calculated from the slope of the 


straight line in Arrhenius coordinates and calculated from 

Eq. (3). This result shows that the value of the steric factor 
in this equation in fact equals unity [6,12], and that the for- 
mation of the carbon surface is limited by the molecular col- 
lisions on the surface and, in the same way as at a lower 
temperature [2], no doubt represents a purely molecular process, It is also of interest to observe that the activation 
energy of the process in the range of temperatures 1400-1700° remains constant, whereas, in the range 800-1300° [6] 
it decreases approximately by 20 kcal/ mole, 


Fig. 4, Relation between the reaction rate constant 
a for the decomposition of methane at the surface 
and the temperature, 


Comparison of our data for the density of the carbon films with those from the literature (Fig. 3) shows a sharp- 
ly defined minimum at a temperature about 1700°, which may be explained in the following manner, 


At temperatures up to 1300°, the high carbon density is explained by the small rate of growth of the film, 
Hence, the molecules react with the most active atoms of the carbon surface and a very dense structure is developed, 
With an increase of temperature, the rate of growth of the film increases and its degree of order falls, By increasing 
the temperature above 1700°, despite the continuing rise in the rate of increase of the film, the rate at which the 
structure becomes ordered increases rapidly, as a result of which it reaches the value of 2.2 g/ cm? at 2100’, i.e., it 
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approaches the density of graphite, In our tests, the substantially greater absolute values of the densities of the films 


is probably explained by the retarding action of hydrogen because the published data refers to methane, undiluted 
with hydrogen. 


LITERATURE CITED 


P, A, Tesner and A, I, Echeistova, Doklady Akad, Nauk SSSR 87, No, 6, 1029 (1952), 
P, A. Tesner and I, S, Rafal'kes, Treatment and Transport of Natural Gas [in Russian] (1953) p, 3, 
. A, Tesner, Seventh Symposium on Combustion, 1958, p, 546, 
. Murphy, H. B, Palmer, and C, R, Kinney, Industrial Carbon and Graphite (1958) p, 77. 
. O, Grisdale, A, C, Pfister, and W, Roosbroeck, Bell Syst. Techn, J. 30, 271 (1951), 
. A, Tesner, Gazovaya promyshlennost’ No, 2, 45 (1960), 
A, R, Brown and W, Watt, Industrial Carbon and Graphite (1958) p. 86, 
Danishevskii, Zav, laboratoriya No, 12, 1470 (1958), 
. Frank-Kamenetskii, Diffusion and Heat Transfer in Chemical Kinetics [in Russian] (AN SSSR Press, 1947) 


PP ALS 


ndrussow, Zs, Electrochem, 54, 566 (1950), 
. S, Kutateladze and V, M. Borishanskii, Manual on Heat Transfer [in Russian] 1959) p, 97. 
. A. Tesner, Gazovaya promyshlennost’ No, 2, 48 (1961), 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


p. 26, 
10, 
770 
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When chemical reactions are carried out in a flow in contact with the surface of a condensed phase, at first 
they are always accompanied by a, albeit partial, separation of the components in the reacting mixture, This separa- 
tion may occur in the chemical reactions: 1) of gases and liquids catalyzed by solids; 2) of gases and liquids react- 

ing homogeneously in the presence of solids which are able to sorb the components of the reacting mixture to various 


extents; 3) of gases and vapors reacting homogeneously over the surfaces of liquids in which the separate components 
are soluble; 4) in topochemical reactions of solids in a flow, etc, 


Under the conditions of a usually protracted dynamical experiment the chromatographic effects are deviations, 
which occur at the start but fade away after some time, After this, in each cross section perpendicular to the direc- 
tion of the flow, there is established a constant ratio between the concentrations of the substances fed and those of 
the products, and this ratio corresponds to the stationary course of the process under dynamical conditions, 


By using the special methods of analytical chromatography one may create conditions under which separation 
takes place in the greatest part of the time during which the substances pass through the reactor, Then, as will be 
evident further on, the separation may have an essential effect on the character of the chemical processes and,there- 
fore, one may speak about the fundamental chromatographic conditions for carrying out chemical reactions, 


In analyzing chemical processes under chromatographic conditions, we confine ourselves to the case where the 
rate of the chemical process is markedly lower than that of mass transfer between the phases, As starting point we 
will take the most simple and demonstrative case of a substance portion injected as a pulse into the flow of carrier 


gas passed through the reactor, Such a method of carrying out a reaction began recently to become of importance 
for studying catalytic processes [1,2]. 


Let us consider the reaction 


vaA +- vcC. 


Into the flow we inject the mixture A +B+C, We will assume that the distributions coefficients bj of the substances 
between the two phases have different values, 


When ba < bg < bc, at some distance from the reactor inlet three bands will have been formed (Fig. 1a), If 
no reaction occurs, these bands will travel along the reactor while drawing apart gradually, If reaction does occur, 
in the band of A the substances B and C are generated continuously and they will form unusual tails at the rear of the 
band for the reactant A (Fig. 1b), When ba > bg > bc the band of the reactant A will be preceded by ghost bands 
of B and C (Fig, 1c), The case bg < ba < bc is shown in Fig, 1d, 


So, although all components are present in the mixture fed and the products are generated in the course of the 
reaction, under chromatographic conditions one will find a more or less complete separation of the products from 
the original reacting substance, We note that the described picture must be qualitatively the same both for homo- 
geneous and heterogeneous reactions, The formation of zones for the individual components of the reaction and for 


any foreign substances present in the system leads to several special particularities of the chromatographic regime, 
Let us discuss some of them: 
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1, Reversible reactions of the type 


ADB+C+H...+N 


When bj * by, ff only for one pair of products, the reaction only proceeds from the left to the right, It is interesting 
to note that only at bg = bc =... by the reaction under chromatographic conditions can proceed in both directions 
and preserve its reversible character, The particularities of this 
case are already evident from the most simple example of the 
isomerization reaction 


AB. 


When the substance A is fed to the reactor, (when ba < bp), the 
A band will be accompanied by a tail of B from which, in its 
turn, A will be formed, So, from the amount of nonreacted A 
one may determine the rate of the forward reaction, 


When A and B are fed simultaneously, the picture does 
not change essentially, and simultaneously in the band of A the 
practically irreversible forward reaction will proceed and in 
that of B the reverse reaction, 


2. A reaction in which two or more original substances 
participate 


v,A + K+ ¥yM+... 


C 
| 
vA 
Cc 


Concentration in the gas phase 


If only for one pair of the original substances the distribution 
2 coefficients are unequal, bj * bj, after some time, as is required 
“- Volu meof camiet gas passed for separating the corresponding bands, the reaction comes to a 
standstill, On the contrary, a reaction which requires the partict- 
Fig. 1. Concentration curves to be found when a __ pation of two or more molecules of one original substance 
chemical reaction is carried out under pulse (nA +~B+C +... ) is possible,* since here no separation of 
chromatography conditions: a) ba < bg < bc the bands for the original substances takes place, Until now we 
(no reaction occurs); b) ba < bg < bo; c) ba > discussed general cases of chemical reactions proceeding under 
> bp > bo; d) bg < ba < be. chromatographic conditions, We will dwell in more detail on 
some particular cases: 


a) A homogeneous reaction in which active admixtures (inhibitors, indicators, and poisons) participate: 
nA(+X+ 


where X and Y are active admixtures, 


When X and Y are sorbed reversibly, and ba * by, ba # by, inhibition and initiation must disappear, because 
X and Y are absent in the band of A, This is also valid in that case where the acceleration or the retardation of the 
reaction (the mechanism does not matter) is provoked by reaction products, Positive and negative autocatalysis are 
equally impossible under chromatographic conditions, The effect of a chromatographic regime on the particularities 
of chain reactions (termination, kinetics, etc,) deserves a separate discussion, 


b) Heterogeneous catalysis when volatile contact poisons are present 
A(+ X+Y)+B+C4... 


In this case, reversible and irreversible adsorption of X,Y should be discussed separately, When the adsorption is re- 
versible, neither X nor Y will have any effect, since in the reaction zone they are absent, 


When the adsorption is irreversible, the effect of the poison is confined to the zone, the width of which is de- 
termined by the amount of poison in the portion injected and the adsorptive capacity of the catalyst with respect to 


*A typical example of a bimolecular reaction which may proceed under chromatographic conditions is HI + HI > 
= I, + Hp. 
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the poison, After the band of A has passed the poisoned zone, the effect of the poison stops, Repeated admission of 
samples leads to a gradual broadening of the poisoned zone, This type of experiment enables one to make clear how 
the poison acts, Because in the reaction zone the products are absent, the kinetic laws of heterogeneous catalysis 
are simplified considerably, Therefore, in the kinetics of reactions on homogeneous and heterogeneous surfaces 
those terms which take into account adsorption of products and reversible poisons (promotors) are absent in the equa- 
tion for the reaction rates, Owing to this, from the temperature dependency of the rate constant one obtains an acti- 
vation energy, which is closer to the actual value, In particular, in the case of Langmuir kinetics, all terms corre- 
sponding to the adsorption heat of strongly adsorbed reaction products and reversible contact poisons disappear from 
Eobs» Dependent on the degree of coverage 64, two cases are possible: 


Echr = Eact AQa (at << 1); 
Echr = Eact (at 94 = 1), 
where Qa, is the adsorption heat of the reacting component A, 


Therefore, by carrying out a reaction in the usual stationary dynamical way, and in the pulse modification of 
the chromatographical regime, one may show whether it is retarded by its products, 


Above we discussed the chromatographical regime for the case where the rate of the catalytic reaction is con- 
siderably smaller than that of the adsorption, In several cases the rate of a heterogeneous catalytic process is deter- 
mined by the adsorption rate, Such reactions may be conveniently studied by carrying them out in a bed under 
chromatographic conditions, To do this, a portion of one component of the reactant mixture is injected into the 
column, The course of the reaction will be determined by the sequence in which the reacting components are ad- 
mitted, and by the nature of their bonds with the surface, By varying this sequence one may establish the actual re- 


action mechanism, It is particularly promising to combine the method of tagged atoms with the chromatographical 
procedure, 


In the near future we intend to publish experimental data on the study of the regularities of catalytic reactions 
carried out under chromatographic conditions, 
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The stability of type M/W emulsions, stabilized with highly dispersed solid particles, is, in many cases, much 
greater than when they are stabilized with adsorbing layers of surface-active agents [1]. This is because of the large 
mechanical strength of the interphase protective layers of particles which are formed as an independent surface phase 
on the water — oil interface, Here, as we have shown, there is a direct relation between the strength of these layers 
and the stability of the emulsions [1,2]. 


Along with this, the point of view is generally recognized that a high degree of dispersion of the emulsifiers is 
one of the necessary conditions for effective action at an optimum particle dimension of the order of 1-10u [3,4]. 
However, the data which we have obtained shows that this relation does not always hold, and that the degree of dis- 
persion is not the decisive factor in the stabilizing effect of solid 
emulsifiers, but rather the structural and mechanical properties of 
the interphase protective layers which they form, 


min 


To measure the structural strength of these layers (the limit- 
‘ ing two-dimensional displacement stress Pry), we used a standard 
SNS-2 apparatus, intended for the study of clay solutions (suspen- 
310 sions), which, after some modifications and improvements which 
t we made, could be used as a simple universal apparatus suitable 
Le for measuring the mechanical properties of both surface layers and 
310 emulsant systems in volume [1]. In the first case, the coaxial 
metallic cylinders of the apparatus are replaced by a glass disc 
(30 mm in diameter and 4 mm thick), suspended on an elastic 
tungsten filament in such a position that its perimeter traverses 
the interface between the liquid phases, formed by the emulsion 
and located in a glass crystallizing vessel, At a constant small 
rate of deformation produced by rotating this vessel (at a rate of 
0,2 rpm), the change in the turning moment (M dyne * cm), and, 
consequently, in the two-dimensional displacement stress (P 
Oglanly bentonite (D << 1); 3) aluminum dyne * cm?) of the intact papa was measured as a function of 
oxide (D = 6-40u); 4) ground glass (D < 31); time (1),) right up to failure at P = Pm, which corresponds to a 
5) the same (Ds 100), pronounced maximum in the curve of P against T; [5-7]. The 
measurement of the disc displacement (angle of twist of the fila- 
ment) was made optically. 


Fig. 1, Emulsifying powers of solid emulsifiers 
as a function of their degree of dispersion: 1) 
precipitated calcium carbonate (D < 3); 2) 


The value of Pr, was calculated from the formula 


M CoO? CoS ol 
Pm = = SORE = om) 


where R is the radius of the disc, Cg is the torsion constant of the filament, @{; and Sm are the angle of twist of the 
filament expressed, respectively, in degrees and centimeters of the readingscale, and n is the factor for converting 
On into S;,. For the filaments which we used, of length 25-30 cm and diameter 0,05-0,2 mm, the value of Cy 
varied over the range 5-1000 dyne * cm + radian™’, 
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If the metallic cylinders are replaced with glass ones having a rifled surface,* the apparatus could be used to 


measure the displacement stress in the volume of concentrated high-stability emulsions, stabilized by solid emulsi- 
fiers, 


The protective layers of solid particles were formed at a water — carbon tetrachloride interface by precipitat- 
ing them out of the upper phase (water suspension), in an amount which calculations showed corresponded with the 

thickness of the emulsifier layer on the emulsion drops, The emulsions were prepared by shaking up cylinders con- 
taining both phases in one to one volume ratio, a water suspension of emulsifier and vaseline oil (or CCl,) carefully 
purified from polar contaminates, The stability of the emulsions was evaluated from the free settling time (T) re- 

quired for half of the volume of oil to separate out in the free state [for values of T> 50 hr the emulsions were arbi- 
trarily considered to be infinitely stable (T = Teo)]. 


The degree of dispersion of the emulsifier particles (D = 2R) showed a concentration of the basic fraction (in 
percent of the total number of particles), corresponding with the maximum in the dimension distribution curve, The 
emulsifiers used were the following mineral powders: 1) precipitated calcium carbonate [D (170%) < 3u}; 2) Oglanly 
bentonite [D (80%) << 1}; 3) aluminum oxide [D (85%) = 6-40" ]; 4) two samples of ground glass with different 
degrees of dispersion having particles D (80%) < 3pu and D (75%) ss 100p. 


The conclusion which we arrived at above, that there is no conclusive relation between the stability of the 
emulsion and the degree of dispersion of the solid emulsifier particles, is confirmed by the data given in Fig, 1. 


As may be seen, in calcium carbonate suspensions (D < 3y, specific surface Sy equal to 5,1 m?/g), stable ofl 
emulsions are forced at a concentration of solid phase as small as 2.5 %(curve 1), while a bentonite suspension (D << 
<< Ip, Sp ~ 300 m?/ g) stabilizes it fully only at an emulsifier concentration greater than 4-5% (curve 2), The same 
result is given by aluminum oxide (D s 6-40p ), and not less than a 10% suspension (curve 3), It is, in general, im- 


possible to get emulsions with glass powder (or with any of the varieties of quartz) independently of the degree of 
dispersion (curves 4 and 5), 


We have shown previously [8] that if the oil phase contains even traces of surface-active agents, which are 
capable of chemo-adsorptive interaction with the emulsifier particles, the stability of the emulsions formed is in- 
creased sharply, especially in those cases where ions of an electrolyte are present in the water phase at the same 
time, which give insoluble soaps with the surface-active agent [2]. Obviously, the protective surface structures aris- 
ing here, even though they come from one and the same emulsifier, should form emulsions of a different degree of 
dispersion, depending on how strong they are. 


Figure 2 shows a microphotograph of a vaseline oil emulsion stabilized by one and the same emulsifier — 
aluminum oxide (Ds 6-40 )— in a 10% water suspension: a) in the absence of additives; b) with the oil containing 


0.001% oleic acid; and c) containing the same quantity of acid in the oil and a concentration of 0,01N aluminum 
chloride in the water phase, 


Actually, it may be seen that the mean dimensions of the emulsion drop drop off sharply and in order from 
1,5-2,0 mm to 0,5-1,0 mm, and then to 0,05-0,1 mm, Strength measurements of the interphase layers have shown 
that, corresponding to these three cases of stabilization, the values of Pn are 0,008, 0,015, and 9,8 dynes/ cm and, 
in the last case, a very large margin of excess strength makes the emulsions practically infinitely stable, In a num- 
ber of cases they have been kept without appreciable change over a two-year period of observation, 


Here the thickness of the protective coverings drop from 6-8 layers of loosely packed particles (a) to one 
strongly structurized layer (c), as a result of which the limiting emulsion stability could be achieved by using not a 
10% suspension, but only a 1% suspension of Al,O3. It follows from this that not only the stability of the emulsions, 
but their degree of dispersion, is directly determined by the mechanical properties of the protective coatings, which 


arise in the form of coagulational structures at the interphase [9], and depends only a slight degree on the degree of 
dispersion of the emulsifier particles, 


The essence of this effect is that coalescence of the oil phase drops, occurring after dispersion (which would 
cause an increase in dimensions), and is hindered to various degrees, depending on how pronounced the “armoring” 


*The selective wetting of the walls of the glass cylinders (as distinct from metallic) by the external water phase of 
type M/W emulsions, and their special rifling, with projections of very small coverage, prevents partial destruction 


of the emulsions and separation in the free state of a lubricating oil film, which usually causes slip of the liquid 
near the wall [1], 


a 

2 
4 

115 


y 


action of the emulsifier is, which is, in turn, determined by the structural strength of the stabilizing film, System 2c 
obviously shows the original high limiting degree of dispersion of the drops, which is produced during dispersion, It 
is quite obvious that highly dispersed emulsions with drop dimensions of another order of magnitude (1p or less), can 
be prepared only by using surface-active agents as emulsifiers, which considerably lowers the surface tension (work 
of formation) of the interface between the phases forming the emulsion, 


Fig. 2, Structure of the protective coatings and degree of dispersions of vaseline 
oil emulsions in water stabilized with Al,O, (10x): a) pure oil — water; b) oil 
plus 0.001% CygHsgCOOH — water; c) oil plus 0.001% — 0,01N aqueous 
solution of AICl3. 


The results given make it possible to explain a number of peculiarities of the emulsification of viscous petrole- 
um residues as seen in the technology of mechanically washing the surface of walls of petroleum tanks and petroleum 
handling vessels, which we have dealt with previously, A solid emulsifier has been used for this purpose, namely, 
bentonite clay [10], and later water-soluble surface-active agents (PAV) with electrolytes added [11], for example, 
sodium dodecylbenzolsulfonate plus NagCOg plus NagSiOs, etc, It was shown that the emulsifying power of PAV dur- 
ing washing was so weak that the necessary effect could be achieved only in high concentration solutions (4-5%), 
However, if polyvalent ions are added to these solutions from salts of the strength, for example, of the Mg** ion, or 
if sea water is used, the required concentration can be reduced to 0,5% and lower. 


The cause of this marked enhancement of the emulsifying power of PAV appeared to be that they form a high- 
ly dispersed (colloid) solid phase, consisting of precipitates of MgCO, and MgSiOgs, which mainly take on themselves 
the function of stabilizing the emulsions, The presence of a solid phase is observed nephelometrically, and is con- 
firmed by the fact that, after passing the solution through a filter, it is completely deprived of emulsifying power. 


Here the carbonate particles whose surface is easily modified (they become hydrophobic), react chemisorptive- 
ly with the acid components of the petroleum compound (naphthenic acids, etc,), and thus gain the ability to form 
structurated, mechanically stable surface protective coatings which, depending on the degree of modification, can 
permanently stabilize an emulsion of either the direct or the reverse type [8]. Chemically, however, the inert mag- 
nesium silicate particles maintaining their original hydrophilic nature, are only able to form unstable emulsions of 
the first kind and, thus, are antagonistic both to the natural "black" emulsifiers, contained in the petroleum com- 
pounds, and to the magnesium carbonate in case it becomes more hydrophobic than is necessary. 


Using these peculiarities in the properties of solid emulsifiers and in the structuration process of protective 
emulsion coatings, we can, over a wide range and in a delicate way, regulate both the stability and type of the emul- 
sion and the degree of dispersion, which is what we did to obtain optimum engineering effectiveness, 


In conclusion, we express deep thanks to P, A, Rebinder for his interest in the work and his valuable advice, 


LITERATURE CITED 


A. F. Koretskii, Candidates Dissertation [in Russian] (Institute of Physical Chemistry, AN SSSR, Moscow, 1960), 
A. B, Taubman and A, F, Koretskii, Kolloid, Zhurn, 20, 5, 676 (1958), 


4 
776 


J. Schulman and J, Lej, Trans, Faraday Soc, 50, 598 (1954). 

V. Kleipton, Emulsions [Russian translation] (IL, 1950) p. 256. 

P, A, Rebinder, Collection: New Methods of Physicochemical Investigation of Surface Properties [in Russian] 
(Transactions of the Institute of Physical Chemistry, AN SSSR) 1, 5 (1950), 

A, A, Trapeznikov and V. A. Fedotova, Transactions of the Third All-Union Conference on Colloid 
Chemistry [in Russian] (AN SSSR Press, 1956) p. 65. 

A, A, Petrov, Candidates Dissertation [in Russian] (Petroleum Institute, AN SSSR, Moscow, 1956), 

A, B, Taubman and A, F, Koretskii, Doklady Akad, Nauk SSSR 124, No, 2, 358 (1959), 

P, A, Rebinder, Kolloid, Zhurn, 20, 5, 527 (1958), 

A, B, Taubman and A, F, Koretskii, Vestn, AN SSSR No, 9, 62 (1954), 

A. F, Koretskii and A. B, Taubman, Collection: Mechanization of Cleaning the Petroleum Fleet [in Russian] 
(Astrakhan, 1959) p. 87 


All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- 
ations of the abbreviations as given in the original Russian journal. Some or all of this peri- 
odical literature may well be available in English translation. A complete list of the cover-to- 
cover English translations appears at the back of this issue. 


= 
3 
4, 
5. 
6. 
+ 
8, 
9. 
10, 
1 i . 
q 


THERMOMECHANICAL CURVE STUDY OF THE 
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The method of recording thermomechanical curves [1] gives a wide range of possibilities for studying the dif- 
ferent processes which occur during the heating of polymeric materials, It has proved especially convenient when 
using automatic recording of the deformation of samples under applied stress at continuous and uniform increase in 
temperature, In this case it can be put in a class with such widespread methods of investigation as thermography, 
which, to tell the truth, has very limited applicability to polymers, 


It does not seem to us that the thermomechanical curve method has been used to a sufficient degree in the 
study of rubbers, A, A, Tager and his co-workers [2] have shown how effective this method is in studying the proc- 
esses going on during the heating of synthetic sodium butadiene rubber, The curves obtained by Kargine's balance 
method [3], using periodic loading, go through a maximum which corresponds with the maximum flow of the poly- 


mer, The reduction in flow at higher temperatures is described by the authors to the formation of bridging bonds 
and space networks, 


We have set ourseives the task of studying the processes which occur during the heating of rubbers, by conduct- 


ing thermomechanical curves using the technique of applying the constant load with uniform increase of the tempera- 
ture of the sample [4]. 


Refinement of the technique has made it possible to achieve automatic recording of the curves directly in 
temperature-deformation coordinates® [5]. 


The record is taken on an EPP-09 electronic recording voltmeter, As one coordinate the pin records the e.m.f. 
of a thermocouple giving the temperature of the test sample, The second coordinate is provided by the chart which 
is not moved continuously, but according to the deformation of the material. The plunger placed on the sample is 
connected to an electronic relay which starts the drive motor of the recorder, (Here, depending on the direction of 
the deformation, the motor runs in a forward or backward direction,) This same mechanism moves a micrometer 
screw which “shadows” the contact as it is displaced with penetration of the.plunger into the sample, The rubber 
samples were cut out in the form of tablets 4 mm in diameter and 2 mm high, The end of the plunger, which ap- 
plies pressure to the sample, had a flat point 2.0 mm in diameter, The samples were heated at a linear rate from 
—120 to +450°, A kind of dry nitrogen at the temperature of the cell was constantly blown through the cell, which 
gave better heat conduction to the sample and reduced the possibility of its being destroyed by oxidation, 


The rate of heating of all the experiments was 2°/ min, and the load was 3,2 kg/ cm?, In a number of cases 
other weights were used, All the thermomechanical rubber curves which we took were reduced to a single scale on 


the deformation axis (for which purpose a simple special device was used, based on optical projection), The de- 
formation is shown in relative percent. 


* What is being investigated, in the strict sense of the word, is not the deformation of the sample, but the penetra- 
tion, and the method should be called thermopenetrographic, 
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It is a well-known fact that amorphous polymers of sufficiently high molecular weight give characteristic 
thermomechanical curves showing regions of glass-like, high elasticity, and viscous flow states, as well as transition- 
al regions between them, The regions of high elasticity deformation of the curve correspond with the horizontal seg- 
ment which, however, frequently rises somewhat because of the accompanying plastic deformation of the polymer. 


The thermomechanical curves of natural rubber (Fig. 1, 1) show an additional “stepping” in the region of the 
high-elasticity state, This element of the curve is completely reproducible, We observed it in the curves of samples, 
taken from different sources, stored for a different length of time under various 
conditions, It should be noticed that in previous work on thermomechanical 
properties where the curves were constructed from points [6], this property of 
natural rubber was not observed, 


We have been able to show that the phenomenon of “stepping” has to do 
with melting of the crystalline phase of the rubber, which occurs near 0°C, 
Since, from the data in the literature [7], the optimum temperature for the cry- 
stallization of rubber is —25°C, we kept samples of rubber at a fixed tempera- 
ture in a thermostat for 1,5 or 3 hr, then they were cooled down below the glass- 
ing point, after which the mechanical curve was recorded in the usual way, It 
turned out that the form of the curve depends upon how long the sample has 
been kept in the thermostat at the optimum crystallization temperature, The 
ratio of the heights of the first and second flats drops off with increasing time 

in the thermostat (Figs, 1, 2, and 3), This leads to the conclusion that the se- 
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~100 0 700 700° cond flat owes its origin to melting of the crystalline phase, It is characteristic : 

Fig. 1, Natural rubber melting that not one of the synthetic rubbers investigated, including SKI isoprene,showed 7 
curve: 1) unchanged sample; 2) 

sample held in thermostat at Every one of the synthetic rubbers investigated showed a completely dif- . a 

—25° for 1.5 hr; 3) the same, for _ ferent glassing point Tg (this temperature is the same at different applied loads A 

3 hr; 4) sample previouslyheated within the limits of the experimental accuracy), The curves of a number of 7 

to 250°, synthetic rubbers (Fig. 2) are of the same form, and the differences are caused, i 

apparently, mostly by differences in the molecular weight, - 

In all the curves there is a sharp rise at the point Tp; however, there is a 

% no clearly marked horizontal step, which shows that starting at the transition a 

m0 temperature, elastic deformation of the rubber is accompanied by plastic de- . 
formation, 

™ f A substantial difference from the other curves is shown by the curve for a 

3 one of the samples of butadiene rubber, prepared with the lithium catalyst SKLD, ‘- 

be iy : which has very small plasticity, Right after the increase in deformation at ‘o 

A} about 200°C, there is a horizontal step, which continues up to a very high temp- a 

| 40l- erature, Only above 400° does the sample melt (Fig. 3a), The other SKLD = 

SS sample having higher plasticity gave a thermomechanical curve which is not a 

8 different in form from the curves of the other synthetic rubbers (B on the same ’ 
figure). 

It would be natural to assume that the peculiar form of the curves of the & 

On a. 70 first SKLD sample is to be explained by the fact that, as a result of the small a 

Fig. 2, Synthetic rubbers, pre- plasticity, the penetration is not completed at temperatures where the polymer 7 
pared with alkaline catalysts: is stable, In view of this, the experiment is being continued in the temperature 7 
butadiene SKB (1), SKB (2), SKBM region where destruction occurs, and directly afterward reconstruction of the _ 
(3), and Tiperylene SKP (4), polymer into a rigid structure, which melts at a very high temperature (thermo- p 


vulcanization), To check the correctness of the ideas expressed, the SKLD 

sample was subjected to a previous heating at 250° under the usual experiment- 
al conditions (but without applying load), after which it was cooled, Then a thermomechanical curve was taken on 
this previously heated sample, It turned out that, although the glassing temperature Tg was maintained, the sample 
took on completely different elastic-plastic properties (curve A-1), The heated sample shows no plastic deformation 
up to temperatures around 400°, (The reverse deformation curve in the temperature region 100-300° is caused, ap- 
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parently, by a change in the volume and elastic properties of the materials, possibly connected with its cooling sche- 
dule after heating.) This experiment shows clearly that if the SKLD sample is heated to 250°, it is converted into a 
rigid high-melting material, 


It would be natural to assume that such properties should be shown by a SKLD sample which has high plasticity. 


We heated the sample B to a temperature of 250° (lying beyond the limits of its penetration by the 3,2 kg/cm? 
weight, i.e., in the region of the flow state), and,after cooling,the thermomechanical curve was taken, Here we got 
the curve B-1, which is almost the same as the one which was given under the same conditions by the sample having 
lower plasticity (A-1), It is worth considering that nothing of this sort 
was shown by rubber heated to 150° (B-2), The curve, in this case, 
goes somewhat more to the left than for the original polymer, This 
shows that some reduction in molecular weight has occurred, i.e., 
some destruction, but no structuration whatever, Further to the left on 
the graph is the curve of a sample of the same material, subjected to 
previous thermoplastification on rolls, using the minimum amount of 
chemical plasticizor (B-3). 
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The result obtained made it possible to assume that the structura- 
tion at high temperatures may be observed, even in the thermopenetra- 
tion curve of other synthetic rubbers, if they are heated to 250° in the 
flow state, 


Deformation 


Fig. 3, Synthetic SKLD rubber (butadiene, In the experiment made on the sample of ordinary SKB, these 
polymerized in the gaseous phase with a assumptions have been confirmed, The corresponding curves are simi- 
lithium catalyst): A) small plasticity; B) lar to those found for SKLD, and are not given here, It is interesting 
high plasticity; 1) sample heated to 250°; that the sample of sterically regular SKD butadiene rubber pre- 

2) sample heated to 150°; 3) plasticized pared by synthesis with a complex catalyst, showed the same general 
on rolls, picture (Fig. 4). Heating, even in this case, produced a rigid high- 
melting product, It was a matter of interest to study the behavior of 
natural rubber under similar conditions, The natural rubber sample 
was heated, just as it was done in the previous samples, to 250°, The 
thermal penetration curve taken after cooling is shown in Fig, 1, 

curve 4, which also gives the curves for unchanged natural rubber, As 
may be seen from comparison, heating the rubber produces a more 
plastic product with more pull at room temperature, This testifies to 
the previous destruction, when accompanied by the formation of rigid 
structures, Synthetic SKI isoprene rubber behaves in a way which is 
completely similar to natural rubber in this respect. The curves which 
we obtained (as showr. in Fig. 4), show that there is destruction even 
in this rubber, but there is no observable formation of rigid high- melt- 
0 ing structures, 


It is worth considering that even synthetic piperylene SKP rub- 
-150-100 i 400° 


ber behaves in a way that is similar to isoprene rubber but not to buta- 
Fig, 4, Synthetic rubbers prepared with a diene rubber, We do not give the curves here, Because of this, it be- 
complex catalyst: A) butadiene SKD; B) comes easily possible to distinguish butadiene rubbers (independent of 
isoprene SKI; 1) samples previously heated the method of synthesis), and methyl butadiene rubbers (natural or 
to 250°, synthetic) by heating them to 250° and then taking the thermomechan- 
ical curves, 
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Thus, in some ways, the work given has shown that the study of thermomechanical properties with an automatic 
recording device is an effective method of investigating rubbers, Thermomechanical curves have been obtained for 
natural and a number of synthetic rubbers, and their thermal transformation processes have been studied, It has been 
shown that butadiene rubbers heated to 250° form rigid "knit" structures, at the same time that pentadiene rubbers 
undergo destruction under the same circumstances, The crystallization of natural rubber has been investigated, and 
the temperature region in which the crystalline phase melts has been made clear, 
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The authors are grateful to M, G. Beregovskii for furnishing the rubber samples and for discussion of the experi- 


mental results, 
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Up to the present time, the effect of paramagnetic contaminates on proton resonates in liquids has been studied | 
by nuclear relaxation methods [1-4], 


It was a matter of interest to find out what effect paramagnetic substances would have on the individual lines 
of the proton resonance fine structure, observed in organic liquids using a highly homogeneous field Hy, The materi- 
als chosen for study were several alcohols and glacial 
acetic acids, The paramagnetic contaminates were: 


MnCl,, Mn(CHsCO,), * 2H,O and CuCl,. The proton res- 
onates measurements were made at a frequency of 30 mc, 
and the homogeneity of the field Hy in the volume of the 
sample, was of the order of 1078, At this degree of homo- 

a b c 


geneity, the standard alcohol CH,CH,OH gives three lines 
corresponding with the CH3, CH2, and OH groups having 
the relative intensities 3:2:1 (Fig, la), All the lines in 
the pure standard alcohol have the same width and half- 
Pi iia, height, corresponding to about 9 millioersteds. This 
7 d e err ae Sete width is due to the nonhomogeneity and instability of 
the constant magnetic field, The true width of the line 


Fig. 1. Nuclear magnetic resonance spectrum of 1/Tz, in the pure alcohol, is known to be incomparably 
C,HsOH as a function of Mn?* concentration. less, 


If anhydrous magnesium chloride is added to the 


alcohol in concentrations and, from 0,00065 mol/ liter 
MnCl, to 0,4 mol/liter MnCl,, a gradual change in 
a spectrum occurs, First only broadening of the lines is 
\ observed, in which the OH line changes most of all 
(Fig. 1b), At the concentration end equal to 0,004 mol 
. b per liter, the OH line practically disappears (Fig. 1c). 


Further increase in the MnCl, concentration causes in- 
tense broadening of the CH, line (Fig, 1d), which disap- 
FP ig MT pears at N = 0,08 mol/ liter (Fig. le), and, finally, at 
c d 


concentration N = 0,4 mol/ liter the CHg line practical- 
ly disappears (Fig. 1f). 
. 2, Nucl 
pi The effect of anhydrous cupric chloride on the 
CH;COOH as a function of Mn*” concentration, 
C,HsOH spectrum is entirely similar to the effect of mag- 
nesium chloride, but the concentrations of CuCl, re- 


quires are approximately 15 times higher. 
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In addition to ethyl alcohol, the spectra of ethylene glycol HOCH,CH,OH and ethylene chlorhydrin CICH,CH,OH, 
also consists of two lines we are studying. In the presence of MnCl, the line corresponding to the OH group first 
broadens and disappears, and after that the one belonging to the CH, group. 


Finally, measurements were made on glacial acetic acid containing manganese acetate Mn(CO,CH3) * 2H,O. 
Pure CHsCOOH gives two lines with the intensity ratio 3:1 (Fig. 2a), Dissolving the paramagnetic substance causes 
broadening of both lines (Fig. 2b), but the line corresponding to the OH group broadens faster and disappears at N s&s 
0,015 mol/ liter (Fig. 2c), With further increase in concentration, the CH; line continues to broaden (Fig, 2d),but 
it was not possible to get complete disappearance because the manganese acetate was not sufficiently soluble in 
CHsCOOH. 


The results presented are interesting both from the point of view of the theory of proton relaxation in liquids, 
and from the point of view of the study of the structure of the solutions, Since, in the presence of paramagnetic sub- 
stances the observed width of the fine structure lines exceeds the width caused by the nonhomogeneity of the field 
Hp, we are dealing with a true time T,. With paramagnetic particles in the solution this time is, generally speaking, 
different for each line of the fine structure, The data which we have obtained on ethyl alcohol shows that the value 
of 1/T, for each individual fine-structure line is approximately proportional to the square of the magnetic moment 
of the ion, and, likewise, apparently (if we consider the relative intensity of the fine-structure lines), inversely pro- 
portional to the cube of the distance between the paramagnetic ions and the protons of the group in question, This 
last relationship is in agreement with measurements on proton resonance in different complexes of Fe** [3], It is al- 
so interesting to note the following, It is known from [4] that the spin-lattice proton relaxation time T, for C,HsOH 
containing 0,02 mol/ liter Mn?* is equal to 0,003 seconds, However, our measurements show that the relaxation 
time T, for the CH, group at the indicated concentration of Mn?" is approximately 0,015 seconds, and for the re- 
maining groups it is incomparably shorter, Hence, it follows that the widths of the fine-structure line in ethyl alco- 
hol, containing Mn?*, are determined mainly not by spin-lattice, but by spin-spin interaction (Ty >> Tp). 


One can expect great things from the observed phenomenon, especially in the study of the structure of solvates 
in solutions, First of all, one can find out in a concrete case by what group the molecule being solvated attaches it- 
self to the paramagnetic particle, In particular, it follows from our measurements that the alcohol molecules at- 
taches itself to the paramagnetic particle through the OH group, while the acetic acid molecule is attached to the 
= C=O group. By making more accurate quantitative measurements, there is no doubt but that it will be possible 
to measure the distance between the paramagnetic particle and the nearest group of the solvating molecule, 


It is to be assumed that other methods, such as spin-echo, will make it possible to observe the existence of 
some of the proton relaxation times in solution similar to the ones we measured, However, our method has obvious 
advantages not only as regards simplicity and clarity, but also in view of the fact that, in principle, it allows one to 
determine any desired number of times T, corresponding to different proton groups, 


The authors express profound gratitude to B, M. Kozyrev and A, I. Rivkind for their aid in discussing the ex- 
perimental results, 
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According to existing notions, the limit pressure of explosion (inflammation) is lowered to a certain threshold 
value when the energy of the spark impulse is increased and further raising of the spark intensity no longer has any 


effect, Some authors [1] explain this phenomenon by assuming the existence of two different inflammation mecha- 
nisms, 


An examination of the explosive properties of gaseous hydrazoic acid does not confirm these conclusions, The 
experimental results indicate that the limit pressure decreases continuously as the intensity of the spark pulse israised, 


10 


Fig. 1. Fig. 2, 


The experiments were carried out in a spherical glass vessel with a diameter of 11 cm and sealed electrodes 
which formed a 3-mm spark gap in the center of the sphere, The electrodes were connected to the two ends of the 
secondary winding of a car bobbin; through the primary winding the charge of a capacitor of fixed capacity loaded 
to a constant voltage was discharged, The explosion pressure limit of hydrazoic acid was determined at room temp- 
erature; the original pressure in the explosion vessel was successively lowered from experiment to experiment until 
explosion at the given intensity of the spark pulse was suppressed, The hydrazoic acid was obtained by the reaction 
between pure stearic acid and sodium azide, 


The results obtained when we studied how the limit pressure of explosion depends on the capacity of the capa- 
citors discharged over the spark gap are shown in Fig, 1, When plotting the logarithms of the limit pressures along 
the axis of ordinates and the reciprocal capacity of the discharged capacitors along the axis of abscissas we obtain 
a linear relation (see Fig. 2), which smoothly expresses the monotonous decrease of the limit pressure occurring as 
the capacity of the discharged capacitors is raised, 


Further experiments have shown that the character of the relation between the limit pressure and the capacity 
of the discharged capacitors remains the same, even if one goes over to explosive mixtures of gaseous hydrazoic 
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acid with various gases, although the magnitude of the limit pressure, in this case, as a rule, becomes greater. As 
an illustration, in Fig. 3 the pressure limit for a mixture of hydrazoic acid (25%) and air (75%) dried over calcium 
chloride which had been heated, {s plotted versus the capacity of the 
mm discharged capacitors, Such a relation becomes still more smooth if 
one takes into account how the coefficient of spark efficiency depends 


on the capacity of the capacitor and on the pressure of the explosive 
mixture, 


The obtained experimental results are well described by an em- 
pirical formula of the following form: 1gP = A/C" + B, where P is 
the limit vapor pressure of hydrazoic acid at which inflammation is 
possible under the given conditions of the experiment and the capacity 
of the capacitors discharged over the spark gap; C is the said capacity; 
A, B, and n are constants for a given mixture, but they depend on its 

20 70 composition, 


Fig. 3 From a comparison with the experimental results of other authors 
win [3], it became clear that this formula quite satisfactorily describes 
these processes, This must mean that the hypothesis postulated by pre- 
vious authors, namely, the existence of a certain threshold for the limit pressure below which inflammation is im- 


possible at any intensity of the spark pulse, does not follow directly from their experimental data and, consequently, 
it has no quite sufficient experimental foundation, 


On the contrary, the above-expressed conclusion, that the limit pressure of explosion is lowered continuously, 
as the intensity of the spark is raised, follows clearly from our experiments and is in complete agreement with pre- 
viously published experimental results, 


Obviously, N. N, Semenov's known formula [4]: lg (P/ rit 2/ BR) = é + B, which was derived for thermal self- 


ignition of fuel mixtures, expresses a more general law embracing not only oxidations, but also decompositions, and 
not only thermal self-ignition, but also spark ignition of the most different gaseous explosive systems, 
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CF4, CF3Cl, CFCl3, AND CCl 
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The explosion method is one of the experimental methods of determining the thermodynamic properties of 
gases at high temperatures, The basis of the method lies in the measurement of the pressure when the gas mixture 
is exploded, and the subsequent calculation of the specific heat or thermochemical values of the gases, The descrip- 
tion of the explosion method, and the method of calculating the explosion temperatures, were given in [1,3-5], Al- 
though the explosion method has been known for more than fifty years, the absence of a reliable method of calcula- 
tion or a method of determining the values of the losses in energy, prevented this method from being applied in ex- 
perimental thermochemistry, In the present work an experimentally based method is suggested for calculating the 
temperature of explosion taking into account possible energy losses, A complete, detailed experimental description 
of the apparatus used in the present investigation was described earlier [4,6]. 


The results of the earlier work [3, 9-19], and the results obtained by exploding mixtures of Hz, CO, and O, in 
spherical bombs with polished and blackened surfaces, makes it possible to put forward the following theory for the 
mechanism of the loss of energy occurring with explosions in a spherical bomb, Due to thermal conduction of the 
gaseous mixture, the major part of the heat loss occurs over a very short period of time immediately after the-maxi- 
mum explosion pressure is attained, Because of the cooling of the walls of the bomb, the layer of gas directly con- 
tiguous to the walls cannot burn at the instant of time when the maximum explosion pressure is reached, This re- 
sults in a certain quantity of heat not being evolved, Consequently, it follows that the total energy losses when an 
explosion occurs in the spherical bomb must be made up of two parts: (1) heat, lost as a result of its removal at the 
wall of the bomb; (2) heat, which is not evolved because a certain layer of gas directly contiguous to the walls of 
the bomb does not burn, 


Since it is therefore no longer possible, in this theory, to consider the explosion process as adiabatic, then, as 
a consequence, the method for calculating the explosion temperature must also be changed, To derive a new meth- 
od for calculating the explosion temperature, the theory of normal flame propagation velocity has many advantages, 
It follows from this theory that as the flame is propagated in the gaseous medium, a preheated zone [7] or a thermal 
zone of the flame, is formed before the flame front, The gas mixture is preheated in this zone by means of mole- 
cular thermal conduction up to a certain temperature Tp, at which the reaction proceeds fairly rapidly, Thus, dur- 
ing flame propagation in the spherical bomb the following equation applies: 


up(Hy, —H;,) 


o( ) 

Here A is the thermal conductivity of the gas mixture; (0 T/@x) is the maximum value of the temperature gradient 
in the flame zone; u is the normal flame propagation velocity; p is the pressure; Ty and pp are the initial tempera- 


ture and pressure of the mixture; HT, — HT, is the heat content of the mixture by heating it from temperature To 
to Tpi R is the gas constant; y is the adiabatic constant, 


Since the flame is comparatively far from the walls of the bomb, the value (8 T/0x)yaj;, which determines 
the heat transfer at the wall, is small and, consequently, the quantity of heat emitted by the gas to the wall is also 
small, As the flame approaches the wall, the value of (0T/9x)wali suddenly increases and, consequently, the 
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quantity of heat emitted by the gas to the wall must also rapidly increase, Because of the rise in the heat emitted 
at the wall in the course of a certain period of time, the flame will not be in a condition to heat a certain layer of 
gas mixture close to the walls of the bomb up to the temperature Tp and as a result this layer cannot burn before 
the maximum explosion pressure is attained, 


Assuming that, at the wall, 
* Ax 


where Ax is the width of the layer of unburned gas, and c, is a certain constant for the layer of gas adjacent to the 


walls of the bomb, then the heat balance equation may be written in the following form: ‘ 

Pp K p 0 

RT (P_/ Po) * RT (Pe/ Po) 

Here T,, is the temperature of the unburned gas mixture at the instant when the maximum explosion pressure Pe is ; 
reached; U, is the value of the normal burning velocity at the walls of the bomb, e 

On the basis of the calculation of the burning velocity in a spherical bomb [3], the value of the normal burn- = 
ing velocity at the walls of the bomb equals -_ 
(3) a’ (2) 


where cz is a constant, and the value of dp/ dt is assumed as close to Pe. 


Assuming that T, -tps ts , and using (1) and (2), we obtain 
CoAT (Pe / Py — 1) 
Hy, — Hr, dp. (3) 
Ty—T, dt 


In expression (3) the value cy depends mainly on the parameters of the experimental apparatus, and is determined by 
an experimental method, 


From this theory of an unburned layer of gas at the walls of the bomb, and from the equation of state of an 
ideal gas, it is easy to obtain an expression for the temperature of the explosion 
3Ax 
T. = To + (20 —1)] 


ro 


where fo is the radius of the spherical bomb; a = Eme/£mj; Lm, is the number of moles participating in the re- 
action, and Zme is the number of moles of the combustion products, 


To obtain the heat balance equation it is assumed in the theory that, in the absence of heat losses, the quantity 


of heat received by the gas layer at the wall of the bomb is sufficient to heat this layer up to the temperature Tp. 
Hence, 


= (Er, — Er) + Sm AEF, +3) Am (Er, —Er,). 


Here AE is the heat of formation of the components of the mixture at the temperature To; ET, — Er, is the 
change in the internal energy by heating from Tp to Te and £Am is the number of moles of unburned mixture, 


To confirm the theory proposed above, to explain the mechanism of the energy loss, and to confirm the meth- 
od used to calculate the temperature of explosion, we carried out a series of experiments on mixtures of H,, O2, CO, 
and H,O, The results of the experiments confirmed that the method proposed to calculate the explosion temperature 
was correct and demonstrated that the maximum deviation of the values of the heat balance in all experiments did 
not exceed 170 cal/ mole of the original mixture, The average value was 59 cal/ mole or 0.5% of the total heat 
evolved by the explosion, 


3 
= 
1817 


Our results, obtained by exploding mixtures of hydrogen and oxygen and mixtures of these gases with water 
vapor, contradict the results of Wohl and Elbe [20] and Wohl and Magat [21], who state that the addition of small 
amounts of water vapor considerably reduces the energy losses in the explosion of H, and O, mixtures, A critical 
examination of the method of experimental investigation [20, 21],and a comparison of this method with that used in 
the present investigation, permits us to state that the reason for the incorrect results of these authors was that they 
neglected the absorption of water vapor by the walls of the explosion vessel, 


The results of the earlier theoretical and experimental work permitted us to use the explosion method to de- 
termine the heat of formation of CFy, CFsCl, CFCl3, and CCl, By exploding mixtures of H,, O2, and CO with the 
respective halogen substituted methane, we obtained the following values for the heats of formation for these com- 
pounds: 


—220.1 + 1.4 kcal/ mole, 
—166,2 + 2,2 kcal/mole, 
— 66.4 + 2,1 kcal/mole, 
— 24.6 + 1,9 kcal/ mole, 


AH (CF4, gas) 
(CF,Cl, gas) 


AHY (CFCs, gas) 
AH 888) 


Within the limits of experimental error our values for the heats of formation agree with the most reliable values of 
AH 155 obtained by other authors (cf, the review by Yudin and Khachkuruzov [8]). 
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In recent years tritium has found wide application as a tracer atom, since it is the only radioactive isotope of 
hydrogen, As we know, the use of tracer atoms presupposes that the isotopes used have identical properties, At the 
same time, the considerable difference in mass between triti- 
um and protium may lead to a marked difference in the chem- 
yor °14,0 ical properties of these two hydrogen isotopes and, in particu- 
lar, to a severely nonuniform distribution of tritium between 
HF(NH3)(CHy) 
ydrogen-containing substances during tritium-protium ex 
change, Thus, in tritium—protium exchange, it is always neces- 
sary to know and take account of the equilibrium (thermodyn- 
20\- amic) isotope effect, characteristic of the system under study, 
OH j A quantitative measure of this effect is known to be the value 
of the distribution coefficient « = ({T]/ [H]) :({T]/ [H])2,.where 
BT wy the indices 1 and 2 designate the reacting components, for 


which the ratios of the equilibrium concentrations of tritium 
PHN (HS) and protium are being found, 


Information on the tritium distribution coefficients in 
systems of hydrogen-containing substances is extremely scarce, 
Unfortunately, at the present time, the lack of experimental 
data cannot be met by calculating the tritium-protium ex- 
change constants according to the methods given by Urey [1], 
Bigeleisen and Mayer [2], and Tatevskii [3], and then finding 
the distribution coefficient [4-7], since we are hampered by 
lack of the data required for the calculations on the funda- 
mental frequencies of the vibration-rotation spectra of tritium- 
containing substances, with the exception of tritium-containing hydrogen and water [1,8]. However, there is the pos- 
sibility of finding approximate values of the tritium distribution coefficients for any system of hydrogen- containing 
substances, by using the law which we have found for the distribution of the isotopes of any monovalent element [5,6]. 


According to this law, the distribution coefficient of an isotope between a pair of substances is equal to the ratio of 
the B -factors* of these substances, 


The 6 -factor as a function of the atomic number 
of the element, bound with hydrogen, 


The value of the 6 -factor is, to a first approximation, determined exclusively by the number of outer electrons, 
and the number of completed electron shells in the atom of the element, which is bound in the molecule of the sub- 
stance in question with the isotope under study (including the outer electrons, associated with any other atoms in the 
molecule), Starting from this law, the 6 -factor of any hydrogen-containing substance in the tritium—protium 


* The 6 -factors [5-7] serve as a quantitative measure of the difference in thermodynamic equivalents between two 
isotopes of some element in a given substance, They are calculated from the fundamental vibrational frequencies 


of the two isotopic forms of the substance and, in contrast with the ratio of sums over the state, they do not contain 
the symmetry numbers of these forms, 
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*In parentheses are given the values of the 6 -factors, provisionally taken equal to the 
8 -factors of the corresponding hydrogent halides, 


exchange ratio may be equated to the corresponding 6 -factor of a diatomic hydride of an element, the atom of 
which in the hydride molecule is isoelectronic with the atom of the element bound to the hydrogen atom being ex- 
changed in the molecule of the substance. For example, the 6 -factors of CHy, NHg, and H,O, as well as other com- 
pounds with C— H, N— H, and O— H bonds (but not free radicals or separate ions) may be equated to the 6 - factor 
of HF, since, in the molecules of all these compounds, the number of outer electrons (including the associated ones) 
in the C, N, O, and F atoms is the same and equal to 8, and the number of completed electron shells is also the same, 
For BHg and other boron hydrides, the 6 -factor may be equated to the 6 -factor of the NH radical (6 outer electrons), 
For SiHy, PHs, and H,S, the 8-factors are close to the 8 -factor of HCl, etc, Here, the 6-factors for tritium—protium 
exchange of diatomic hydrides (including free radicals), are easily calculated, starting with the known observable 
vibrational frequencies of these hydrides, v }; [9], and the vibrational frequencies of the corresponding tritides (v7), 
found from the ratio of the reduced masses of the tritide (u 7) and the hydride (u 4): 


vr = V B 


Table 1 gives values for the 6 -factors at 20°, The curve of the 8 -factor as a function of the atomic number 
of the element, bound with hydrogen, is similar to the corresponding curve for deuteron exchange [5-7], and is shown 
in the figure, Table 2 gives values of the tritium distribution coefficient (« = 8,/6,) in various pairs of systems of 
hydrogen-containing substances at 20°, As we have shown [5-7], the law which makes it possible to find the approxi- 
mate value of the hydrogen isotope distribution coefficient in any given system of hydrogen-containing substances 


1 
4154,65 | 878,0 
1359,2 878,0 
: Br 2559,3 | 1495,9 
1 Rb 908,5 530,6 
‘ 1 Sr 1172,2 684,4 
13 Ag 1691,9 985,8 
: 14 Cd 1338, 4 779,4 
15 I 2230,1 1297,6 
17 Cs 875,5 509,3 
19 
H, 4,8 0,17 
CH, (27,6) 
NH, (27,6) 
ae H,O 31,6 1,14 
HF 27,4 
ma PH, (10,5) 0,38 
H,S (10,5) 0,38 
=, HCI 10,5 1 0,38 
HBr 7,9 0.28 
HI 5,7 10,24 
LiH 2.7 0,10 
NaH 1,9 10107 
KH 10,06 
RbH 1,6 0,06 
es CsH 1,5 0,05 
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is in complete agreement with the numerous data to be found on deuteron exchange [7]. The validity of this law in 
the case of tritium is supported by the fact that the 6 -factors of water, calculated from the known observable® vi- 
brational frequencies in the H,O and T,O molecules, and equal to 31.6 (for 20°), is close to the 6 -factor of hydrogen 
fluoride (27.4), These numerical values are also characteristic of the degree of approximation to which the law 
gives the values of the 6 -factors and the distribution coefficients, 
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*Although for the H,O and T,O molecules the corrected frequency values and all the corrections for anharmonic 
vibrations are known, we used the observable (i.e,, uncorrected) values, in order not to introduce any more errors in- 
to the comparison with the results of the calculations for the other hydrides, where the corrections are unknown, 
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In a paper by one of the authors [1], the photoionization method was used to find values of the first adiabatic 
ionization potentials of a number of compounds, the molecules of which contain the carbonyl group, It was shown, 
for the case of ketones, that the induction interaction between the carbonyl and the methyl groups obeys the law of 
additivity and falls off inversely proportional to the square of the distance between these groups, To check the 
validity of these laws for other classes of compounds, the photoionization method [2] is used in the present paper to 
measure the first adiabatic ionization potentials of esters and some of their halogen derivatives, as well as a number 
of ethers, and some volatile metal carbonyls, As in the case of ketones, in these classes of compounds the first ioni- 
zation potentials are caused by splitting off one of the valence electrons of the oxygen, which do not take part in 
the chemical bond, The values found for the ionization potentials are given in Tables 1, 2, and 3, where they are 
arranged according to classes of compounds in the order of decreasing ionization potential, 


TABLE 1, 


Ionization |Ketone Difference, 


ionization 
Compound potential,ev|potential,ev 


Ethyl acetate 10,08+0,02 9,54 
n-Propyl acetate 10,02+0,02 
n-Butyl acetate 10,00+0,03 
Iso-butyl acetate =O | 9,94+0,03 

(CHs),;CHCH,— 
n-Pentyl acetate = 9,92+0,02 
Methyl valerate 9,87+0,02 


Ethyl caproate C= 9 ,67+0,03 


Butyl valerate =O 9,57+0,03 


The first ionization potentials of esters are 0,45-0,55 ev higher than the ionization potentials of the correspond- 
ing ketones, which shows that there is a reduction in the electron density in the vicinity of the oxygen atom of the 
carbonyl group. The unengaged electron pairs of the oxygen in the ester group are conjugated with the 7 -electrons 


1 
CH 

0,54 
0,55 
| 0,56 

0,58 
0,52 
0,43 

: 

CsHu 

9,19 0,48 

CyHo 
9,10 0,47 

792 


TABLE 2, 


Compound 
acid 10,35+0,03 10,25 9,71 
10,44+0,03} 10,25 | 9,71 
acid 10,204+0,03) 10,08 9,54 
acid 10,44+0,03} 10,08 9,54 
acid | 10,13+40,03 10,08 9,54 
acid 9,85+0,02 -- 9,26 


of the carbonyl group, This produces a reduction in positive charge in the vicinity of the carbon atom, which mani- 
fests itself in a reduction of reactivity of the carbonyl group toward nucleophilic reagents [3] 
r= 


This should apparently favor a certain amount of increase in the electron density in the vicinity of the oxygen atom 
of the carbonyl! group, and a reduction in the ionization potentials of esters as compared with the corresponding ke- 
tones, The opposite result, which is found experimentally, indicates that in the present case the transfer of electron- 
ic charge from conjugation effect to the oxygen atom of the carbonyl group either does not occur, or occurs to an 
insignificant extent in comparison with the negative induction effect, which is caused by the oxygen atom of the 
ester group, Consequently, the changes in ionization potential in esters occur as the result of superposition of the 
positive inductive effect of the alkyl groups, and the negative inductive effect of the oxygen atom in the ester group 


9, O 

O+R O-+R 


The last column of Table 1 gives the differences in ionization potential between the esters and the corresponding 
ketones, As the alkyl chain in the ester group is lengthened, this difference remains constant and equal to 0,55 ev 
with an accuracy up to the experimental error of + 0,02-0,03 ev, which, beyond question, testifies to the high degree 
of additivity of the induction effects oriented in opposite directions, The differences between the ionization poten- 
tials of neighboring members of the series of esters given fall off as the length of the alkyl chain is increased and, 
as in the case of ketones, they may be represented with a high degree of accuracy in the form of an inverse square 
function of the distance between the hydrogen atom being replaced by methyl group and the oxygen of the ester 
K 

where Al, is the difference in ionization potentials between two neighboring members of the series, 2 (n + 1) is the 
relative distance between the oxygen of the ester and the hydrogen atom which is being replaced with a methyl group 
to form the (n + 1)-th member of the series, k is a constant having, as in the case of ketones, a numerical value 
equal to about 0.7 ev, The high degree of additivity of the induction effects, observed in lengthening the esteric 
group, is somewhat disturbed in lengthening the alkyl group, which is directly united to the carbonyl carbon, Thus, 
the difference between the ionization potentials of the methyl ester of valeric acid and methyl butyl ketone is only 
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TABLE 3, 


d Ionization 
potential, ev 
H 
Ethyl ether “ ‘So 9,55+0,03 
C3H; 
n-Propyl ether yo 9 ,28+0,05 
n-Butyl ether Yo 9,18-+0,05 
CICH:CHa, 
6 -Chloroethyl ether 9,85+0,03 
CICH,CH, 
CH:—CHa, 
Tetrahydrofuran po 9,49+0,02 
CH,—CH2’ 
Dimethyl! sulfoxide 8,85 40,05 
CHs 
Chromium carbonyl CCr(CO)¢ 8,03+0,03 
Molybdenum carbonyl Mo(CO), 8,12+0,03 
Tungsten carbonyl W(CO)s 8,18+0,03 
Iron carbonyl Fe(CO)s 7,95+0,03 
Nickel carbonyl Ni(CO), 8 ,28+0,03 
Diethyl ketone C,H;COC,Hs 9,34+0,02 
Ethyl-tert,-butyl ketone C,;HsCO(CHs)sC 8,98+0,02 
Iso- propyl-tert, -butyl | 8,82+0,02 


ketone 


0,43 ev, However, for the butyl ester of valeric acid it is increased to 0,47 ev, This nonequivalence of the alkyl 
groups may be caused by weakening of the induction effect of the chain of conjugated bonds O— C = O, or by a 
space factor, 


The laws just given may be used successfully to find the first adiabatic ionization potentials of esters with an 
accuracy which is not worse than 0,05-0,1 ev, 


The additivity of the various induction effects, which change the ionization potential of esters, is maintained 
with an accuracy of 0,02-0,03 ev for the halogen derivatives, where the negative induction effect of the esteric oxy- 
gen is increased by the halogen atom, As an illustration of this, Table 2 gives the ionization potentials of several 
chlorine and bromine derivatives of esters of acetic acid, For comparison, the ionization potentials of the unsub- 
stituted esters are also given along with the corresponding ketones, It is clear from Table 2 that replacing a hydro- 
gen atom with chlorine in the methyl group united directly with the carbonyl carbon causes an increase of 0,10 + 
+ 0,02 ev in the ionization potential, If two or three hydrogen atoms are replaced, an increase in the ionization 
potential occurs amounting, respectively, to 0,18 and 0,36 ev, which is in good agreement with the additivity rule. 
Replacing a hydrogen atom with bromine leads to a similar, but approximately two times smaller, effect, which is 
easily understood, since bromine is less electronegative than chlorine, 


Table 3 gives values of the ionization potentials of the number of ethers, ketones, and some volatile metal 
carbonyls, The ionization energies of these compounds are unknown, or have been measured with low accuracy [4]. 


With ethers, no sharp breaks in the photoionization curves were observed, which may result from the consider- 
able difference between the interatomic distances in the molecule and in the corresponding positive ion, and the 
ionization potentials are determined with a large amount of error (0,05 ev), Such large errors do not permit setting 
up a reliable quantitative relationship between the structure of the molecules and the ionization potentials, although 
the qualitative nature of the reduction in ionization potentials is similar to that of esters, It seems to us that this 
indicates that in ionization what is torn off is one of the p-electrons of the oxygen atom, which does not participate 
in the formation of the chemical bond, From the example of diethyl ether and tetrahydrofuran, the ionization 
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potentials of which are, respectively, 9,53 and 9,49 ev, it is clear that cyclization, as in the case of ketones, causes 
a reduction in fonization potential, The ionization potentials of the several ketones, given in Table 3, all fit into 
the quantitative relations which are discussed previously in [1]. 


The first ionization potentials of metal carbonyls, given in Table 3, are probably due to tearing off one of the 
valence electrons which participate in the formation of the metal — carbon bond, or to one of the p-electrons of the 
oxygen atom in the carbonyl group, The small difference (0,2-0,3 ev) between the ionization potentials of the car- 
bonyls of different metals (at the same time that the ionization potentials of the metallic atoms differ by 1.0-1.2 ev), 
as well as ionization potential values close to 8 ev, indicate that the metal — carbon bond is, to a considerable de- 
gree, double, while the carbonyl bond is to some degree triple. The small increase in ionization potentials in the 
carbonyl series consisting of chromium, molybdenum, and tungsten is obviously a matter of the increase in foniza- 
tion potentials of the atoms of the metals in question, These conclusions, which follow from the measured ioniza- 
tion potentials, are in agreement with the data on the lengths of the intramolecular bonds, 


The authors sincerely thank Academician A, N, Terenin for direction of the work and valuable discussion in 
evaluating the results obtained, 
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The possibility of forming amalgams of metals difficultly soluble in mercury when they are being reduced on 
a mercury drop electrode (m,d.e,) is something that is being discussed in the literature right up to the present time, 
The authors of [1-3] propose that metals of the iron group (Cr, Mn) do not form amalgams, but cover the mercury 
with a layer of precipitated metal, On the other hand, in [4], the cause of the high overvoltage shown by metals of 
the iron group at an m.d,e, is explained in terms of hindrance in the formation of amalgams, It is well known from 
data taken on the mercury standard electrode (m,s,e,) that electrolysis of salts of Fe, Ni, and Co can produce the 
corresponding amalgams in concentrations up to 1% [5]. The resulting systems, however, do not consist of a single 
phase, but are colloidal solutions of the metals in mercury, 


From the data of [6], using the hanging mercury-drop method combined with continuous recording of the in- 
verse course of the polarographic curve makes it possible to arrive at the anode solubility of Ni and Co, But in [7] 
an oscillographic method with inverse scanning shows that, in the reduction of iron-group metals, no anode solution 
peaks are formed; thus, the data from the published papers do not agree with one another, 


In the present paper an attempt has been made to discover the nature of the metal reduced on mercury as a 
function of the conditions under which the cathode process is carried out. 


Orientational observations, made on the m,s,e, with a current density of 0,1 amp/cm*, have shown that elec- 
todeposition of iron from 0,05N FeSQ, on a background of saturated Na,SQ, solution is not, in the first 10-15 minutes 
after turning on the current, accompanied by any visible liberation of hydrogen, The current, consequently, is con- 
sumed in the formation of an amalgam which, apparently, is in the colloidal state, At the end of this period of time, 
liberation of hydrogen begins, At the same time, the mercury surface begins to swell and becomes rough, After the 
experiment the mercury at the cathode has the consistency of a paste, but retains the characteristic mercury luster, 

If the sulfate solutions are replaced with chlorides (10N CaCl, or 10N LiCl), at the same acidity, Fe’* concentration, 
and current density, visible liberation of hydrogen begins almost immediately after turning on the current. After the 
experiment the cathode mercury is comparatively easily removed from the dark gray, powdery mass of reduced iron, 


Experiments with acidified solutions of 10N Ca(ClO,), gave a result which is no different from the results obtained 
with sulphate solutions, 


Thus,the nature of the reduced metal depends on the nature and concentration of the background anion,which 
affects the structure of the double layer and the composition of the ion being discharged [8]. One is led to the same 
conclusion by measuring the reduction potential of a metal as a function of the nature of the background and the 
time of electrolysis on the m,s,e, In the case of discharge on a background of concentrated chlorides (Fig. 1, curves 
1 and 2), what is found is lower polarization and a shorter delay in liberating hydrogen, rather than on a background 


of concentrated sulphates (curve 3) at the same current density, The arrows on the figure show the time at which 
visible hydrogen liberation began, * 


To solve the problem of the nature of the reduction products of metals of the iron group on the m.d.e., we 
used the method of monocyclic inverse scanning on an oscillographic polarograph, Tsfasman type TsLA-01, To the 


*In the polarization of a fixed mercury drop under a microscope, it is possible to observe the formation of micro- 
crystals and liberation of H, from them, 


growing mercury drop (dropping period 5-6 sec), a potential of —1.8 v (delay potential ¢ 5) was applied for 2-3 sec 
(delay period t), The scanning rate V was varied from 1 to 8 v/ sec, 


Figure 2, curve I shows the oscillogram of Niin INKCL with inverse scanning from —1.8 to 0 v, connected in 
after the delay indicated, The oscillogram shows the cathode reduction wave (4 = —1,2), and the nickel solution 


(Nor. Calomel Electrode), v 


14 


20 70 min 


Fig. 1, Reduction potential of Fe**, and 
time at which visible hydrogen liberation 
starts as a function of background and 
length of electrolysis on the m.s.e. [Fe?*] = 
= 0,05N, pH ~ 1, i= 4+ amp/cm?: 
1) 10N CaClys 2) SN CaCl; 3) saturated 
Na,SQO, solution, 


+] 2 


Fig. 2, Inverse scanning oscillograms for 
reduction of Ni?* on m.d.e. pH ~ 4.7, 
t= 2 sec, V= 1,0 v/sec: 1) background 
1,0N KCl; 2) background 10N CaCl). 


anode peak (¥ = —0,3 against n.c.e.), In 10N CaCl, (curve 2), the 
cathode wave goes over smoothly into the anode peak in the potential 
range —0.6 to —0.4, Consequently, the reduction of nickel becomes 
practically reversible, which agrees with the data of [9]. For iron and 
cobalt at Ys = —1,8 v, it was not possible to find an anode wave of the 
solution of the metals deposited on the mercury, 


The above-described oscillographic method was used to make 
experiments on Kemul's mercury hanging drop (m.h.d.) electrode, 
The concentration of the solutions investigated was of the order 1+ 107° 
to 5+ 10°°N, The background consisted of 0,01 and 0.1N solutions of 
KCl, oscillograms of which had been taken previously, The value of 
t varied from 2 sec to 2 min, with V = 0,125 v/sec, 


As on the m.d,e,, at ?s = —1,6 to —1.8 v, andt from 14 sec to 
1 min, the inverse scanning oscillograms for Fe on the m.h.d, showed 
no metal solution anode peak, except a cusp on the negative branch 
of the mercury solution peak (¥ = +0.06 v), which possibly belongs to 
iron (Fig. 3, curve 1), It was noted that the height and area of the 
mercury solution peak depend on [Fe**) and t. This may be explained 
by combined solution of Fe and Hg (curve 2), The data obtained are 
in agreement with the data of [6]. 


However, if 9, was set equal to (-1.1) to (-1.2) v, the oscillo- 


gram (Fig, 3, curve 4) shows an iron solution anode peak at ¢ = —0,.47v, 


This peak is not found if ¢; is more negative than ~1,4 v. The mag- 
nitude of the peak depends on [Fe**}t (curves 3 and 4), A peak can 
also be observed at t = 2-3 sec, A check showed that these peaks 
could be reproduced on the m.d.e, It must be noted that in acidified 
solutions this peak is not observed, If the solution is neutralized, the 
peak may again be observed, The peak disappears if, after delay at 
Ys = —1.2 v, we set , = —1.8 v. If the cell is disconnected from the 
apparatus, the peak drops off according to the length of time discon- 
nected (compare curves 4 and 5). 


The peak of cobalt anode solution appears at a more positive 
potential (y = —0.15 v). The conditions for its formation are the same 
as for iron (Fig. 4, curves 1 and 2), 


At very negative delay potentials (?3 = —1,5 v), the peak in 


question does not appear, but the height and area of the peak corresponding to the solution of mercury is increased, 
and its potential is displaced toward the positive side, As for iron, the last-mentioned fact apparently has to do 

with simultaneous solution of Co and Hg. If at the start we set ?s = —1,1 v, look for a peak at # = —0,15 v, and then 
set Y = —1.6 v, we can see that it gradually disappears after several successive scans, Deposition of nickel on the 
m.h.d, has several peculiar properties, On a fresh drop, the anode peak (Y = —0,3 v) appears even at rather negative 
values of ?3 (Fig. 2, curve 1), On the m.h.d,, after several successive scans lasting 10-14 sec, the peak disappears, 
It can be seen again on the same drop, only at lower values of 3, and a value of t not less than 1 min, 


Thus, the data obtained show that metals, deposited at low cathode polarizations, are dissolved anodically at 
potentials which are more negative than the solution potential of mercury, namely: —0,47, —0.3, and —0,15 for Fe, 
Ni, and Co, respectively, It may be considered that the peaks indicated are anode solution peaks of the solid phase 
of the metal in question, An indication of the existence of a solid phase under these conditions is furnished by the 


absence of similar peaks, but sufficiently negative values of #3, In the latter case, the metal apparently goes over 
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Fig. 3, Inverse scanning oscillograms for reduction of Fig. 4, Inverse scanning oscillograms for re- 
Fe** on Kemul's electrode, Background 0,1N KCl, V= duction of Co** on Kemut's electrode,Back- 
= 0,125 v/sec, t= 14 sect 1) %g = —1.6 v, [Fe**] = ground 0,1N KCl, V = 0,125 w/sec, t = 14 

= 1+ 107°N; 2) = -1.6 v, [Fe’*] = 5° 10 °N; 3) sec, [Co**] = 5+ 10°3N: 1) = 1.5 v3 2) 
—1.1 v, = 1+ 10°°N; 4) ?3= 1.1 v; 3) same as 2, but background 
[Fe**] = 5+ 10°5N; 5) same as 4, but after discon- 5N CaCl,. 

necting cell for 10 sec, 


into the mercury, forming colloidal solutions or suspensions, and anode solution occurs at potentials close to the mer- 
cury solution potentials, Hence, it follows that the conditions determining the magnitude of the cathode polariza- 
tion in the reduction of iron-group metals at the m,d.e, (nature and concentration of background, possibility of com- 
plex formation, shift of the ¥,-potential, the presence of surface-active substances, etc,), can, in considerable de- 
gree, determine the character of the end products resulting from the deposition of these metals, 


The experimental results may be explained if we assume that, first of all, in the electrode deposition of iron- 
group metals on the surface of the m.d.e,, in addition to the dependence on the magnitude of the polarization,what 
occurs {is formation of a solid phase consisting of microcrystals of Fe, Ni, or Co, The further process of transferring 
the metals into the mercury depends on the extent to which the microcrystals are wettable by mercury and, conse- 
quently, on the increase in the difference of surface tensions at the microcrystal — solution and mercury — solution 
boundaries, which may be a matter of some difference in the potentials on the mercury and on the microcrystal, 
since the reduction of metal ions and hydrogen go more easily on the latter than on mercury, as well as a matter of 
difference in position of the zero points of Fe and Hg. A considerable role in the wetting process is probably played 
by the degree of oxidation of the microcrystals, which increases with reduction in the cathode polarization and acid- 
ity of the solution, With increasing acidity or polarization of the cathode process, the surface of the crystals is 
cleaned of oxide film, and they become more easily wetted by mercury, which causes the anode peaks to disappear 
on the inverse scanning oscillograms, In using the data of polarization measurements we must keep in mind the pos- 
sibility of differences in state of the metal deposited on the m,d.e, at different values of potential, 


The authors express deep thanks to Academician A, N, Frumkin for his constant interest in the work and many 
valuable pieces of advice, 
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SOME GENERAL INEQUALITIES OF CHEMICAL THERMODYNAMICS 
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It is known that thermodynamic equilibrium of any system occurs at the minimum in the thermodynamic po- 
tential of the system (with variable p and T), or at the minimum in the free energy F (with variable v and T). A 
condition for a clearly defined minimum, in addition to 5@ = 0 (6F = 0), is the requirement 576 > 0 (67F >0),. A 
positive value of the second variation of the characteristic functions means thermodynamic stability of the system, 
For arbitrary reacting systems, the thermodynamic equilibrium condition 6 ® = 0 ( F = 0) is a condition for chemi- 
cal equilibrium, and for ideal gases it represents, in the last analysis, the mass action law, As to the thermodynam- 
ic stability of such systems, a direct demonstration may be made in the case of ideal gases (a demonstration for a 
single reaction is given, for example, in [1]), Here we shall derive the conditions for thermodynamic stability of 
arbitrary reacting ideal gas systems, with the intention of using the results to derive a number of general inequalities 
of chemical thermodynamics, 


The chemical equilibrium conditions have the form (i= 1, 2,..., k) 


SF {= 8N;= (v, T) = 


(p, T) = (p, T) + RT In (N,/N), 
tz (v, T) = pi (v, T) + RT InN; (2) 


are the chemical potentials of an ideal gas in the variables p, T and v, T, respectively [the first terms in (2) are in- 
dependent of the number of moles Nj and N}. 


Using the representations (s, t= 1, 2,...,1), 
SN; (p, T) = visbas, 8N; (0, T) = Wis OBs, 
s 


which are forms of the steady-flow relationship, Eq, (1) may be otherwise written: 


= = >) = 0, 
s 

6F = = = 0. 
s 


Since the variable 5a, and 68 g are independent, ¢5 = fs=0, Using (2) and (3), the desired second variations 
of the characteristic functions may be represented in the form 


(4) 


(1) 
0, 
a3 
: 
+ 800 


V;.V; 
Fis. (5) 
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is "it 
Oy = pa — = Fy —vsvi = Dis, = 
i 


where v, = > V;s is the total stoichiometric coefficient of the reaction s. 
i 


The condition for positive values of the bilinear forms (4) consists in having positive values for all the princip- 
al diagonal elements and principal minors of the corresponding matrices II gll_and Il Fstll. In view of the arbitrari- 
ness of the number of reactions, it is obviously sufficient to show that the principal diagonal elements and the com- 
plete determinants of the matrices [I gl and Il Fyll are positive. 


We shall introduce the characteristic matrix of our system, which obviously completely determines the proper- 
tles of the system: 


eee Vir x) 
Vo1¥ 00 +++ Vor 


Ve 


By means of a direct calculation using the normalizing condition Dx = 1 , it is not difficult to show that 
i 


the principal diagonal elements of the matrix ll g_|| have the form 


2 


2 ints 


where mj, {,,s ate the square minors of || Mill, the elements of which are found at the intersections of the rows hav- 
ing indices i, * i, with the columns having indices s andr +1, The positive value of Fss is obvious, The conditions 


&s, > 0 and Fss > 0 are sufficient for thermodynamic stability of one reaction in the system, and have already been 
found in [1]. 


Let Ai,, 41 the minors of Mill of order r + 1, consisting of the rows with indices fy ig... 
and let 5 iy, ip,...,ip be the minors of order r of the first r columns and rows of|| Mil with the same indices, For the 


complete determinants A and & of the matrices Il gll and Il Fell , there are the following representations, obtained 
inductively: 


2 
A 
(r +4)! “ngs 
2 


It is obvious that at least one of the mj, ,j,,s and Aj, ,i,,...,ip 41 18 different from zero, because otherwise, in 
view of the fact that some of the vj, are necessarily negative, a meaningless conclusion would be reached, namely, 
that some of the xj are negative, The fact that at least one of the 54, ,i,,.,,,i, {8 different from zero follows from 
the condition that the reactions are independent, Thus, the conditions for positive values of the forms (4) are ful- 


filled, and this means that the system under consideration is thermodynamically stable, if at least one reaction is 
actually taking place, 


The molar heat capacities have the form 


where 
a 
¢p/R = >> S¢ + 18 = + D> (7) 
R i RT i R R id 
801 a 


where U; = y= 


Making the substitutions u; = Drists, es > vis6s, we obtain, for the chemical parts of the heat capaci- 
s 


ties, the expressions 


Q, Q, 
= Yo Cy/R= 2 ( : (8) 


RT 


where = v,;H; —\the heat effect of the reaction p = const, Qys is equal to = —vsRT at v= 
é i 
= const, 


Taking logarithms of the equations of the mass action law in the form (9), and then differentiating with respect 
to T at p = const and v = const, 


“is _(N \%s 
where Kpg is the equilibrium constant, we obtain the systems for determining ys and 6g; 
2 Fabs = e (10) 


Here, use is made of the relation 01InKp, /0InT = dinKp,/dinT = Qp,/RT. 


From (8) and (10), in view of the demonstrated thermodynamic stability of the system, we obtain the results 
which interest us: 


= >0, = > F835: > 0. 
s,t 


This is the first pair of general inequalities of chemical thermodynamics, * 


We shall consider the quantities 


p OinN\ _ Olnp {OlnN 
tor inp (Sine = (Gime = 2% (12) 


ON, 1 ON 
h is th lecul ight of the system, p; is equal to 4 (se and qj is equal to vans) 
where py is the molecular weight of the sy pj is eq r\ tary qi is eq w\ Ging }r- 


Making the substitutions viskss and we obtain 
s 


Oinp\ _ 


Taking logarithms of Eq, (9), and then differentiating with respect to pv at T = const, we obtained the systems 
for determining £, and Ns: 


Fane = Vse (14) 
t 


From (13) and (14), in view of the demonstrated thermodynamic stability of the system, we obtain the results 
which interest us: 


2 = > 0, 2 Farnane 0. (15) 
This is the second pair of general inequalities of chemical thermodynamics, 


*Reference [2] gives a demonstration of the positive value of only the over-all cp and cy, 


To satisfy the inequality (11), it ts sufficient for at least one Qp., Qy, pair to be different from zero; to satisfy 
the inequality (15) it is sufficient for at least one v, to be different from zero, 


Using further the relation between %, and Fg, it is not difficult to obtain the inequality 


Thus, in view of (15),* 


In addition, from the equation of state we have 

The dimensionless isothermal velocity of sound (@1np/®Inp }y may also be represented as: 
= (Smo) / = <1. (20) 


It follows from (20), in particular, that at (0Inu/OInT)y > 1 we have 1< (@Iny /OlnT)y < (8Inu/ dinT)p, 
and at (OInu /O1nT)y < 1 we have /01nT)p < /OlnT)y < 1, 


(19) 


Since (Cp — cy)/R = (Oinp/ din — Inv/ ne (20) gives the evaluation - 


~\oinT (3 InT }, 
At (Olny /OinT)y < 0, from (21) we have Deh ~ as > 0, and, in addition, 
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The reaction of formation of acetylene from methane 
2CH, == + 3H2 (1) 


takes place within very short intervals of time, i.e,, of the order of 0,001 sec, At temperatures up to 3000°K, acetyl- 
ene is thermodynamically unstable, so that it is necessary to subject the reaction products to cooling which is as 
rapid as possible, These characteristics of the process involved lead to the assumption that the method of adiabatic 
compression of gases is suitable for carrying out the reaction under consideration, * 


The work described in this instance was carried out with the purpose of verifying the correctness of that as- 
sumption, The experiments were conducted in equipment which is described in detail in [4] and [5], The content 
of acetylene in the gas after the experiments was determined by a colorimetric method [6], In cases when the con- 
tent of acetylene was greater than 0,1%, the determination was made by an argentometric method [7]. 


The equilibrium constant of reaction (1) can be calculated from the equation (2)* * 


107520 
T? 


lg K = — 1807 + 13,09 1g T —0,0.347T + 00,3357? — 


— 23,9. (2) 


Knowing the equilibrium constant, and assuming that at high temperatures (temperatures amounting to thou- 
sands of degrees) the volatilities of methane, hydrogen, and acetylene do not differ significantly from the pressure 
even at high degrees of compression, we calculated the equilibrium concentrations of acetylene at the pressures of 
1, 1000, and 10,000 atm, 


A calculation showed that at atmospheric pressure and a temperature which amounts, for instance, to 1500°K, 
the reaction goes almost to completion, and that at a pressure of 10,000 atm up to 2% of acetylene may form at this 
temperature, It follows from the equation of the methane adiabate that a temperature of 1500°K can be obtained 
by compressing methane to 1300 atm, However, we did not find any acetylene in the gas even after compressing 
pure methane to 10,000 atm, 


After assuming that a higher temperature is required for the formation of acetylene at high pressures, we in- 
vestigated the compression of mixtures of methane with nitrogen, helium, argon, xenon, krypton, and hydrogen, 
gases, the heat capacity of which is lower than that of methane and the compression temperature of which is higher, 
We investigated mixtures of methane with nitrogen containing 2, 4, 14, and 38% by volume of methane; with argon 
containing 2, 4, 6, 7, and 14% of methane; with helium containing 3, 6, and 14% of methane; with xenon contain- 
ing quantities of methane beginning with 7%; with krypton containing 3% of methane; and with hydrogen containing 


*Lately one encounters in the literature, with increasing frequency, publications which deal with the investigation 
of gas reactions in equipment in which adiabatic compression is applied, either by compressing the gas mixture with 
a piston [4] or by using a shock wave [2,3]. 

* *According to Ya, S, Kazarnovskii, 
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Note: a = content of acetylene in the gas mixture in volume percent; 7 = yield of acetylene in percent, 


4 and 14% of methane, We employed in the investigation 
methane having a purity of 99.5%, helium and argon of a 

purity of 99,9%, and xenon and krypton which were 100% 

pure. The electrolytic hydrogen and nitrogen which were 
used had been preliminarily freed of oxygen, 


The results of the investigation are listed in the 
table, which contains graphically adjusted data on the 
content of acetylene in the gas given in volume percent, 
and on the yield of acetylene (7), 


To calculate the yield of acetylene, the composi- 
tion of the mixture after the experiment had to be deter- 
mined, In cases when we worked with mixtures of meth- 
ane and nitrogen, the composition of the mixture after 
compression, as could be established by mass-spectro- 
graphic analysis, differed little from the initial composi- 
tion, For instance, a mixture which contained 5,5% of 
methane and 94,5% of nitrogen before being compressed, 
contained, after compression, in addition to acetylene, 
94.9% of 0.6% of 0.036% of CO2, 3.5% of CHy, 
0.13% of C2Hy, and a small quantity of higher hydrocar- 
bons, 


In the cases when mixtures of methane with argon, 
hydrogen, helium, xenon, and krypton were compressed 
(i.e,, mixtures with gases the molecular weight of which 
differs significantly from that of nitrogen), it was neces- 
sary to take into consideration changes in the composition 
of the mixture resulting from leakage and outflow of the 
gas, When the piston moved through the shaft of the 
adiabatic compression apparatus at the start of the proc- 
ess of compression, i,e,, at the time when the piston be- 
gan to move, the pressure of the propellant gas (nitrogen) 
was higher than the pressure within the shaft, so that a 
part of the nitrogen leaked into the gas being investigated 
through the clearance between the piston and the wall of 
the shaft, As the piston approached the closed end of the 
shaft, the pressure within the shaft increased, while that 
of the nitrogen used as a propellant decreased, As a re- 
sult, there was outflow of the gas being compressed 
through the clearance between the piston and the wall of 
the shaft, 


The leakage and outflow could not have a signifi- 
cant effect on the composition of the mixture when mix- 
tures with nitrogen were investigated, On the other hand, 
when mixtures of methane with hydrogen or with other 
gases were investigated, the addition of nitrogen had a 
significant effect in changing the composition of the 
mixture, To take account of these changes, we deter- 
mined the molecular weight of mixtures obtained after 
compression of argon and other gases with nitrogen at 
different pressures of the nitrogen used as a propellant, 
and obtained curves on the basis of which the molecular 
weight of the mixtures with methane, which were being 
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investigated, was determined, Knowing the molecular 
weight of the mixture before and after compression, and 
assuming that a mixture of constant composition leaks 
during the motion of the piston along the channel, one 
can calculate the composition of the mixture after com- 
pression, The calculation of the yield n was carried out 
by relating the volume percentage of acetylene in the 
mixture to an equilibrium concentration of acetylene 
that would have formed from a mixture, the composition 
of which was determined under consideration of leakage 
and outflow. 


i Tato The data obtained by us indicated that at higher 
1300 2008 3004 contents of nitrogen in the mixture the yield of acetyl- 
Fig. 1. Curves showing the relation between the yield ene was aleo higher the of 
mixture containing 98% of nitrogen — c.f, Fig. 1), The 
oF curves expressing the dependence of the acetylene yield 
mixture of 2% CH, and 98% N,; 2) mixture of 4% CH, P 


7 on the pressure (the temperature) exhibited a pro- 
and 06% 9) PCH + Ny 4) + nounced maximum which moved to lower temperatures 


(pressures) as the content of the methane in the mixture 
decreased, At high temperatures formation of carbon 
black was observed, After compression of mixtures of 
methane with helium, argon, xenon, and krypton, there 
was formation of large quantities of acetylene, The na- 
ture of the curves expressing the dependence of the yield 
of acetylene on the pressure upon compression of mixtures 
of methane with argon differed from the corresponding 
curves for nitrogen (Fig, 2). 


As distinguished from mixtures with nitrogen, the 
mixtures with argon and helium have a composition at 
which the yield reaches a maximum (Fig, 3), It can be 
seen from Fig, 3 that the yield of acetylene was higher 
in mixtures with argon than those with helium, xenon, 
Fig. 2 and krypton, This indicates that, although the heat capac- 

sei ity of monoatomic gases is the same and, consequently, 
the temperature of compression is also the same, the 
nature of the gas apparently has an effect on the process, 
This assumption is confirmed by the fact that no acetyl- 
Peompression= 5000 kg/cm? ene is formed in mixtures with hydrogen, 


° 


0 2000 3000 
P compression 


Let us consider the process of transmission of energy 
following a collision of molecules [8], At high densities 
Helium e of the gas, when collisions of molecules with the wall 
can be regarded as negligible in quantity in comparison 
with collisions in the mass of the gas, changes in the 
properties of the gas take place as a result of molecular 
collisions, 


Yieldofacetylene —> 


The molecules may enter into a chemical reaction 
when they have a sufficient amount of energy. They 
acquire this energy as a result of favorable collisions with 
Fig, 3, molecules having an average energy. The processes of 
energy exchange have been considered using rigid spheres 
as models, It is known that a decomposition of a methane 
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molecule may take place when this molecule has a sufficient amount of vibrational energy. Consideration of the 
case of exchange of vibrational energy [8] indicates that the transfer of energy is more effective when the masses 
which collide are comparable in magnitude, 


If we consider the experiments with monoatomic gases from this point of view, we can make the following 
approximate calculation, If we assume the mass of methane to be equal to unity, we find that the masses of the 
other gases are as follows: MHe = 0.25, MAr = 2.5, Mr = 5.3, MXe = 8,1, 
On the basis of this calculation, the most efficient transfer of energy must 
take place between methane and argon, Actually, the highest yield of 


Me > acetylene resulted when mixtures of methane with argon were compressed, 
! JS f oh z The course of the curve on Fig. 4, where the yield of acetylene has 
8 I Tres been plotted in relation to the relative mass of the diluent gas, indicates 
a 25 ; ae that the maximum yield must result when M is approximately equal to 
The absence of acetylene upon compression of a mixture of methane 
4 , , with hydrogen confirms the concept [9] that the first stage of the decom- 


position of methane must involve splitting off of hydrogen: 


CHy—>CHg + Hg 
Fig, 4, Addition of hydrogen to the mixture must inhibit the reaction formu- 


lated above and prevent formation of acetylene, notwithstanding the fact 
that the temperature of compression is approximately the same as in the case of a mixture with nitrogen. 
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*The point for xenon refers to a mixture of xenon with 7% of methane, By analogy with the other mixtures, one 
may assume that for a mixture of 3% of methane with xenon the yield will increase to approximately 20%, and that 
the point for xenon will then be located on the curve, 
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RA DIATION-CHEMICAL TRANSFORMATIONS OF IRON IONS 
IN HC10O,4 SOLUTIONS SATURATED WITH HYDROGEN 
AND OXYGEN UNDER PRESSURE 


V. N. Shubin and P, I. Dolin 


Institute of Electrochemistry, Academy of Sciences of the USSR 
(Presented by Academician A, N, Frumkin, April 18, 1961) 
Translated from Doklady Akademii Nauk SSSR, Vol, 140, No. 6, 
pp. 1380-1383, October, 1961 


It was found in preceeding work [1,2] that reliable conclusions on the mechanism of the radiolysis in the ab- 
sence of oxygen of aqueous solutions of compounds containing iron ions can be made on the basis of results obtained 
under conditions when the products of the radiolysis of water are completely used up 
in competing reactions, the velocities of which can be controlled by changing the 
concentrations of the dissolved substances, Most suitable for this purpose proved to 
be a system containing Fe**, Fe**, Hp, and H*, in which the direction of the radiolysis 
process and its velocity are determined by the competition of Fe** and H, for OH 
radicals and the competition of Fe** and H* for H atoms, 


In the radiolysis of Fe** and Fe** solutions containing oxygen, one may expect 
that the process will be determined by the competition of Fe** and O, for H atoms, 
and the competition of Fe®* and Fe** for HO, radicals, The ratio of the velocities 
of the two last-mentioned competing reactions must be affected by the dissociation 


lit F of HO,, which depends on the pH of the solution, In the presence of Hz, competition 
04 of H, and Fe** for OH radicals must arise, 


Fig. 1. Dependence of the 
oxidation yield on the con- The following mechanism has been postulated for the radiation-chemical oxti- 
centration of Fe’*, [FeP]~ dation of Fe2* solution in the presence of O, [3]: 
10°5M; [HC1OQ,]~ 107°M; 
Po, = 10,2 atm; @) 
const, HO, -} Fe?+ — Fe** HOT; (2) 
HO; ++ H,0s; (3) 
H2024- + +- Fe*+OH™- OH: (4) 
OH +- Fe?+ + OH-. (5) 


In the presence of Fe**, the following reactions are also supposed to take place [4]: 
H + Fe*+ Fe*+ + H+; (6) 
HO; H+ +-O7; (7) 
-} Fe’ Fet* + Op. (8) 


Systems of this type were investigated by Allen and Rotschild [5,6]. It was established that under the conditions 
in question there is competition of Fe** and O, for H atoms (or H}), in such a manner that the ratio of the velocity 
constants of these reactions does not depend on the pH. By employing the mechanism formulated above, these authors 
determined from experimental data the values for the ratios kg/ ky and k,/ Kre3+, HO," 


However, in order to obtain a confirmation for the mechanism postulated, one must carry out the most com- 
plete experimental check of the relation between the velocity of the total process and the ratio between the veloci- 
ties of the competing reactions, which can be set by changing the concentrations of the reacting substances, The re- 
lation in question follows from the reaction mechanism, Data on the subject are not available in the literature, 
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On the other hand, the assumption has been made [7], that the reactions (2) and (3) should be replaced by the 
reaction 


2HO, H O. + 
2—> -+ O: (9) 
In this case, the relation between the velocity of the total process and the concentrations of the dissolved sub- 
stances will obviously be different, 


If H, is present in the system indicated, the possibility exists that a chain reaction may take place [8], The 
chain will include reactions (1)-(4) or (1), (9), and (4), and also the reaction 
OH ++ H,O +- H. (10) 

The chain will be terminated by reactions (5)-(8). 


In the present work, results are reported of an investigation of the action of y-rays emitted from a Co™ source 
on solutions of Fe?+ and Fe** ions after these solutions had been saturated with H, and O, under pressure, The effects 


of changes in the concentration of the dissolved substances,and 
also of the concentration of H* ions were studied, 


EXPERIMENTAL 


{ q The cell and equipment for work under pressure were 

3 ——— 02 described earlier [8], The solution, which had been saturated 

= or er with air, was placed into a steel bomb into which H, and O, 

0 0 20 7 7) were fed separately one after the other until the required pres- 

[Fe**) ca sure was reached, The oxygen supplied from a cylinder was 
{0,) purified by passing it through a trap immersed in liquid nitrogen, 

~ 0.12M; 1) dependence on [0,]; 2) depend- Fe(C10,)3 solutions which had been prepared by dissolving 

ineeves tre®*}; b) concentration of HCIO, ~ spectroscopically pure iron in twice-distilled HC1Q,. All solu- 

~ 5* 107M; 3) dependence on [0]; 4) de- tions employed in the work in question were made by using 

pendence on [Fe**], twice-distilled water, The magnitude of the radiation dose 


comprised approximately 1.75 10’ sec, The con- 
centration of Fe”* was determined by means of o-phenanthro- 
line, 


DISCUSSION OF RESULTS 


It can be easily seen that if the radiolysis process includes 
reaction (9), then the oxidation yield will not depend on [Fe**} 
when the concentration of all other substances and the value 

of [Fe**}/ (Hz) remain constant, It follows from Fig, 1, where 
results of experiments of this type are presented, that the oxida- 
tion yield must show a strong dependence on [Fe?*}, This 


[H*}[Fe**} proves that the radiolysis takes place with participation of re- 
Fig. 3. Graphic solution of Eq. (1) on the basis actions (2) and (3) rather than of the reaction (9), 
of data in Table 3: 1) dependence on [Fe**); Then, if we assume that the radiolysis yield is determined 


2) dependence on [Fe**}; 3) dependence on [H*}. by reactions (1)-(8) and (10), we will obtain the following ex- 
pression* which relates the radiation-chemical yields to the 
velociti=3 of the competing reactions: 


(H*) 
(Fe**) — Gy — Gon — / (A + [Fe?*] / Rio [Ha}) 


4 (Gy + + Gi,0,) / (i + ks [Fe?*] Rio =F(G) 


*In deriving Eq. (I), a method was used of which a detailed description had been given before [8]. 
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Consideration of Eq. (I) indicates that if, in one of the expressions in parentheses on the left side, the ratio of 
concentrations remains constant, while in the other expression in parentheses the ratio of concentrations changes, 
then the expression on the right side must be a linear function of the second ratio, 


TABLE 1, Dependence of G(Fe**) on the Concentrations of O, and Fe**, 
Py, = 50 atm: [Fe**]/ [Fe**} ~ 13 


Acceptor: O, Fe** 
Concentration, mM 0.28 0.98 1,68 4.48 14,3 190 100 39 20 11 9,2 


G(Fe**), moles/ 100 ev 3.4 11.9 13,5 18,5 21,5 5 6.7 12.2 185 
[H+] ~ 0,12M 
~ 5+ - - = 67 - 6.6 


The dependence of the yield on the concentration of O, is given in Table 1, A graphic solution of Eq. (I) on 
the basis of data in Table 1 is shown in Fig, 2, From the inclination of the straight line we calculate the value of 
kg/ ky to be 2,45 + 107%, The length of the section cut off by the straight lines on the axis of ordinates is equal to: 
ke [Fe**] 

1 +- Kuo, (H*)’ 
from which we find that 


Kno ~ 31-1079 


It is obvious that if the Fe®* ion can compete with O, for H atoms by reacting with these atoms as follows, 


+H+ 
--+- H FeH** —— Fe** +- Hg, (11) 
then the first expression in parentheses in Eq, (I) will assume the following form: 
1 -+- (kelFe*®*] -}- kur [Fe**])/k1 


In this case, the yield must depend on [Fe*] under the conditions that [Fe**]/[0,], [Fe**]/[H,], and 
[Fe**}/[Fe?*] - [H*] are constant, Table 2 gives the results of experiments in which the ratio [Fe**]/[0,] was changed 
while the conditions mentioned above were observed, It can be seen that the 
oxidation yield for all practical purposes did not change when the value of 
[Fe”*}/ [O,] was changed by two orders of magnitude, This demonstrates, in 
a convincing manner, that a reaction of the type (11) does not have to be 
taken into consideration under the conditions in question. * 


It follows from Eq, (I) that a graphic solution of it on the basis of data 
pertaining to the dependence of the yield on [02] and on [Fe**+] must be 
capable of being represented by a saghe straight line. The dependence of 

10 ry to : the yield on the concentration of Fe*” is given in Table 1, A graphic solu- 
ed tion of Eq, (I) on the basis of these data is represented in Fig. 2, The results 
Fig. 4, Dependence of the oxida- a an ‘“ agreement with data pertaining to the dependence of 
tion yield on the pressure of O2 ? 
above the solution, [HC1O,] = 0.1M; Allen and Rotschild obtained the value of 0,007 + 50% for kg/ ky in 
[Fe**} ~ 8» 107M; [Fe**] = 0,8N H,SO, solutions, If we take into consideration [2] that [Fe**],¢¢ 
*10°°M; Py, = 50 atm, ~ 0.27 [Fe**} ora) in sulfuric acid, we find that kg/ ky will be equal to 
2.6 + 10°? + 50%, which is in good agreement with the value obtained by us, 


In order to demonstrate that the mechanism of the radiolysis includes reactions (2), (7), and (8), the relations 
between the yield of Fe** and the concentrations of H*, Fe”*, and Fe** at [Fe**}/[0,] = const were studied, 


The results of the experiments in question are given in Table 3, A graphic solution of Eq. (1) on the basis of 


the results in Table 3 is shown in Fig, 3, From the inclination of the straight line, we find that kgKHO,/ ky = 
= 3,6 + m/liter, 


* It follows from this that the competition of Fe** and O, for a radical particle, which was observed by Allen and 
Rotschild, took place for the ion-radical H3*, 
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TABLE 2, Effect of the concentration of Fe*+ on G(Fe**) 
[Fe*t]~ 9+ Po, = 3.2 atm: (Fe**]/[H,] ~ 0.8; 
[Fe?*] [Ht] ~ 4.5 + 1074 


Concentration of Fe?*, 9-10 9,7-10° 107? 
moles/ liter 
G(Fe**), moles/ 100 ev 14,.2* 15,5 14,5 


*A correction has been made for the effect resulting from the 
direct action of radiation on HC1Q,, 


TABLE 3, Dependence of the Yield on the Concentration of 
Fe*+, Fe**, and Ht, [Fe**]/[0,] ~ const 


Acceptor: Fe** Ht 


63 8.4 0.15 0.14 0.81 8.3 5,1 45 450 


Concentration, 
mM 


G(Fe**), 25 4856 14.6 10.5 7.5 319 22 
moles/ 100 ev 


For ky. 34 o,! kp, Allen and Rotschild found 0,11 + 15% and 0,3 + 50% at pH = 2,1 and pH = 2,7, respective- 
ly. If we take into ’consideration that the reduction of Fe** by HO, radicals takes place according to reactions (7) 
and (8), and that [Fe**Jogp 0,27 We find for Kp, 3.75 * /liter 15% and 2.4 + 10°° 
m/ liter + 50%, respectively, which is in good agreement with the value obtained in our experiments, 


These results indicate that oxygen is a very active acceptor of H atoms, Under the circumstances, it appeared 
of advantage to apply oxygen for the clarification of the role which excited water molecules play in the radiolysis of 
Fe** and Fe** solutions, using the method of conjugated acceptors [7]. One can easily see that if excited molecules 


of water will participate in the reaction under the conditions in question, the expression (I) will be transformed into 
the inequality 


[Fe]. 


To check this conclusion, we determined the yield in relation to the pressure of oxygen above the solution, The 
results obtained are represented in Fig, 4, In the region of low concentrations the yield increased with the increase 
of oxygen pressure, because reaction (6) was suppressed by reaction (1), On further increase of the pressure, the yield 
reached a constant value which remained unchanged up to oxygen concentrations of approximately 0,1M (150 atm), 
A calculation carried out on the basis of data in Fig, 4 indicated that for the horizontal part of the curve the condi- 
tion described by (1) rather than (II) was satisfied, It follows from this that at [O02] = 0.1M excited water molecules 
do not participate in the reactions of the oxidation of Fe’*, All of the results obtained in the work described indicate 
that the mechanism of radiolysis of Fe** and Fe** solutions in the presence of O, and Hg, which includes reactions 
(1)-(8) and (10), describes quantitatively the experimentally established relations between the total process and the 
concentrations of the substances which participate in the competing reactions that take place, 
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ABBREVIATIONS MOST FREQUENTLY ENCOUNTERED 
IN RUSSIAN GEOLOGICAL SCIENCES LITERATURE 


Abbreviation 
(Transliterated) Significance 


ANII Arctic Scientific Research Institute 

FIAN Physics Institute, Academy of Sciences, USSR 

Geologizdat Geological Press 

GGGT Geological-Hydrological-Geodetic Trust 

GGI State Hydrological Institute 

GGK Main Geodetic Committee 

GGO Main Geological Observatory 

GGU Main Hydrographic Administration 

GITI State Scientific-Technical Press 

GITTL State Technical and Theoretical Literature Press 

GOl State Oceanography Institute 

GONTI State United Scientific-Technical Press 

Goskhimizdat State Chemical Press 

GOST All-Union State Standard 

GTTIl State Technical- Theoretical Press 

IGD Institute of Mining 

IGN Institute of Geological Sciences 

IL Foreign Literature Press 

ISN (Izd. Sov, Nauk) Soviet Science Press 

Izd, AN SSR Academy of Sciences USSR Press 

Izd, MGU Moscow State University Press 

MGI Moscow Geodetic Institute 

MOIP Moscow Society of Naturalists 

NGRI Petroleum Geological Prospecting Institute 

NIIG Scientific Research Institute of Hydro-Engineering 

NIIGGR Scientific Research Institute of Geophysical and Geochemical Methods 
of Prospecting 

ONTI United Scientific-Technical Press 

OTI Division of Technical Information 

OTN Division of Technical Science 

PIN Paleontological Institute (of Acad, Sci, USSR) 

TsNIGRI Central Scientific Research Institute of Geological Surveying 

TsVTI Central Office of Economic Information 

UF Ural Branch 

VGO All-Union Geographical Society 

VGRO All-Union Geological Prospecting Association 

VNIGRI All-Union Petroleum Scientific Research Geological Prospecting Institute 

VNII All-Union Scientific Research Institute of Instruments 

VNIIGAZ All-Union Scientific Research Institute of the Gas Industry 

VSEGEI All-Union Geological Scientific Research Institute 


Note: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us, - Publisher, 
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